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This dissertation involved several research activities with the common goal of
developing a structural health monitoring methodology. The research activities
encompass: composites fabrication, numerical modeling and a mechanical experimental
program using a state-of-the-art sensing technology.
The first part of the dissertation presents an analytical and experimental effort to
characterize the bending response of sandwich composite plates. A general expression for
the shear correction factor for laminated plates was derived using the principle of strain
energy equivalence. It was proved that the first-order shear deformation theory (FSDT)
can be confidently used in the elastic analysis of sandwich composite plates with lowdensity core using the proposed shear factor. A correlation between the experimental
response of sandwich composite plates under transverse load and analytical predictions
was conducted. The good agreement obtained provides an experimental validation of the
developed analytical method and enhances the test method for simply supported
sandwich composite plates subjected to a distributed load (ASTM D6416).

The second part of the dissertation deals with structural health monitoring using
embedded fiber optic strain sensors. A long-term monitoring of wood structural members
of the AEWC Center new office building expansion was conducted using Extrinsic
Fabry-Perot Interferometric (EFPI) fiber optic sensors embedded in a FRP laminate. A
one-year cyclic variation of the longitudinal strain in the beams was observed, which is
attributed to the variation of relative humidity during the year. The major research work
of this dissertation presented a fatigue crack monitoring study of composite doubler plate
joints using embedded fiber Bragg grating strain sensors was conducted. A methodology
for the structural health monitoring and detection of delamination growth of composite
joints based on strain measurements was developed. Secondary bonded woven Eglass/vinyl ester composite doubler plate joints were subjected to fatigue tension loading.
The feasibility of monitoring delamination using embedded sensors was investigated. The
experimental plan, finite element modeling and the fabrication methodology of the
specimens through Vacuum Assisted Resin Transfer Molding (VARTM) processing are
presented. The proposed methodology allows detecting a one quarter inch delamination
length, which is a common criterion used in marine construction for damage tolerance in
service conditions.
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1.

EXECUTIVE SUMMARY

1.1. Background
This dissertation involved several research activities with the common goal of
developing a structural health monitoring methodology. The research activities
encompass: composites fabrication, numerical modeling and a mechanical experimental
program using a state-of-the-art sensing technology.
The research work was organized in two parts. The first part presents an analytical
and experimental effort to characterize the bending response of sandwich composite
plates. The second part deals with structural health monitoring using embedded fiber
optic strain sensors. The particular objectives and contribution of each part of this
dissertation are detailed next.

1.2. Analytical and experimental characterization of the bending response of
sandwich composite plates
The objective of this research activity was to investigate the validity of the firstorder shear deformation theory (FSDT) in the elastic analysis of sandwich plate
structures. A correlation between the FSDT and a solid finite element analysis proved
that this theory can be confidently applied to the linear elastic analysis of sandwich plates
if the shear correction factor is properly chosen. The shear factor computed using the
principle of strain energy equivalence presented the best correlation. This simple
approach to analyzing sandwich structures is particularly important for the case of
sandwich plates with relatively low shear modulus core, where related literature
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recommends the use of refined theories, which are in general more complicated for
practical applications.
A correlation between the experimental response of sandwich composite plates
under transverse load and analytical predictions using the FSDT was conducted. Eight
sandwich composite plates were evaluated experimentally using the Hydromat Test
System. The good agreement obtained provides an experimental validation of the
developed analytical method and enhances the test method for simply supported
sandwich composite plates subjected to a distributed load (ASTM D6416).

1.3. Structural health monitoring using embedded fiber optic strain sensors
This part of the dissertation attempts to explain how embedded fiber optic strain
sensors can be placed to monitor structures and how the sensor interrogation response can
be correlated with strength, stiffness or damage parameters.
A long-term monitoring of wood structural members of the AEWC Center new
office building expansion was conducted. Extrinsic Fabry-Perot Interferometric (EFPI)
fiber optic sensors were embedded in a polymer matrix composite (PMC) laminate and
then attached to selected beams.

Temperature and relative humidity sensors were

included as well. The fabrication, installation of the sensors and first nine months of
monitoring were carried out by a former MS student. After that period, the strain and
temperature were monitored for one more year as part of this research work. A one-year
cyclic variation of the longitudinal strain in the beams was observed, which is attributed
to the variation of relative humidity during the year. The experience attained in this phase
of the thesis was of significant importance for the development of a fabrication

2

methodology to incorporate fiber optic sensors in larger composite parts and to get the
experience in structural monitoring using fiber optic sensors.
In the final part of this dissertation, a fatigue crack monitoring study of composite
doubler plate joints using embedded fiber optic sensors was conducted. A methodology
for the structural health monitoring and detection of delamination growth of composite
joints based on strain measurements was developed. The proposed methodology allows
detecting a one quarter inch delamination length, which is a common criterion used in
marine construction for damage tolerance in service conditions.

1.4. Acknowledgement
The research work conducted as part of this Thesis was funded by two federal
agencies: the National Science Foundation (NSF) and the Office of Naval Research
(ONR). The grants that support the effort are: "Framework for Integrating Embedded
Sensors in Durability Analysis of FRP Composites in Civil Infrastructure," from NSF;
and "Next Navy Composites (N2C), Multifunctional Composites for Next Navy
Seaframes," from ONR.
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2.

EFFECT OF TRANSVERSE SHEAR DEFORMATION ON ELASTIC
RESPONSE OF SANDWICH COMPOSITE PLATES

2.1. Abstract
This chapter deals with the elastic analysis of sandwich plates with low shear
modulus core using the first-order shear deformation theory (FSDT). Three choices of
shear correction factor were considered: based on shear strain energy equivalence,
parabolic transverse shear stress distribution, and shear correction factor for isotropic
plates. A simplified model for sandwich plates was also evaluated. The FSDT was
compared to a solid finite element model which approximates the three-dimensional
elasticity solution. A good correlation was found between the FSDT using shear
correction factor based on strain energy equivalence method, the simplified model for
sandwich plates and the finite element analysis for the prediction of deflection, strain and
first natural frequency.

2.2. Introduction
Sandwich composite panels are made by bonding thin high density face sheets to
a low density but relatively thick core material. The advantage of these structures is the
combination high bending stiffness with a very low specific weight, which makes this
kind of structural element a very attractive design option in weight critical structures [1].
The main load-carrying portions are the composite skins, while the core serves as a
spacer to keep the face sheets at a large distance from the neutral surface. As a result, the
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maximum normal stresses are in the skins and the core carries most of the transverse
shear [2].
In sandwich composite plates under transverse loading, the contribution to the
overall deflection of the transverse shear deformation must be considered in the analysis
[2]. For composites having a high ratio of in-plane elastic moduli to interlaminar shear
moduli, the classical laminated plate theory under-predicts deflections [3].
The effect of transverse shear deformation on the bending of laminated plates has
been studies by numerous researchers. The three-dimensional elasticity solution and the
classical laminated plate theory (CPT) were compared for several rectangular composite
plates under bending [4, 5]. It was proved that the CPT leads to a poor description of
laminate response at low span-to-depth ratios, but for very thin structures, its use is
adequate. The need for consideration of shear deformation in sandwich plates, even at
moderately high span-to depth ratios, was demonstrated. Whitney [6] and Whitney and
Pagano [7] presented a theory for laminated plates which includes the effect of shear
deformation. The solution for bending, vibration frequencies and buckling of simply
supported plates was compared to the exact elasticity theory, and excellent agreement for
deflections was obtained.
A first-order shear deformation theory (FSDT) for laminated plates was formally
introduced by Whitney [3] and Vinson [8]. The governing partial differential equations
for a general anisotropic laminate and the simplification for sandwich plates were
presented. Analytical solutions for several boundary conditions and load conditions were
derived for symmetric cross-ply laminates and for sandwich plates.
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The FSDT is a

relatively simple approach that provides accurate results in non-local problems of
sandwich structures [2].
An important parameter of the FSDT is the transverse shear stiffness matrix,
which relates transverse shear forces with shear strains. For the homogeneous case, this
matrix is well known. However, for the general case of anisotropic layered plates there is
not a simple expression. One way to determine this matrix is using the shear correction
factor, introduced by Timoshenko in 1921. Several alternatives to define this factor were
summarized by Birman and Bert [2]. A value of shear correction factor equal to one was
suggested for sandwich structures with low core stiffness. A general expression for the
shear correction factor for any type of rectangular laminated beam based on equivalence
principles was proposed by Madabhusi-Raman and Davalos [9].
The transverse shear stiffness matrix and shear correction factor for laminates can
also be computed assuming a specific shape of the transverse shear stress distribution
across the laminate thickness. A general equation based on a parabolic distribution can be
found on classical textbooks on the subject [8, 10, 11]. Dube et all [12] verified that in the
analysis of sandwich plates with a relatively soft core material, the FSDT model with
such shear correction factor does not correlate well with the three dimensional elasticity
solution [11]. In recent years higher order shear deformation theories have been
proposed for the analysis of sandwich plates [13-15]. Such models do not require shear
correction factors.
The main objective of the present research work was to validate the FSDT in the
elastic analysis of sandwich plates with low shear modulus core.

Three types of

sandwich plates were analyzed. They were made of orthotropic layers with a balanced
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lay-up, with simply supported boundary conditions. Two of them had symmetric lay-up,
while the third type considered a tension face sheet twice as thick as the compression face
sheet. The FSDT was compared to a solid finite element model which approximates the
three-dimensional elasticity solution. The static response (deflection and axial strain)
under transverse uniform load and first natural frequency of vibration were investigated.
The influence of the method to compute the transverse shear stiffness matrix or
the shear correction factor was investigated. Four cases were studied: 1) Simplified
model for sandwich plates; 2) Shear correction factor based on shear strain energy
equivalence principle; 3) Shear correction factor based on a parabolic shear stress
distribution through the laminate thickness; and 4) Shear correction factor equal to 5/6 for
isotropic plates.
It will be demonstrated in following sections that the FSDT can be confidently
applied to the linear elastic analysis of sandwich plates if a correct choice of the shear
correction factor is made. This outcome is significant for practical structural applications
since the FSDT is incorporated in most of the commercial finite element analysis
software packages.

7

2.3. General equations for laminated and sandwich plates including shear
deformation
2.3.1. Kinematics of laminated plates including transverse shear deformation
effects
The displacement field of the FSDT can be expressed in the form [3]:
(2-1)

where u°, v° and w are the middle surface displacements, and \|/x and \|/y are the rotations
of a transverse normal about the y-axis and x-axis respectively.
The strain-displacements relationships are:
(2-2)

where the midplane strains are defined as:

(2-3)
(2-4)

The interlaminar shear strains are given by the relationships:

(2-5)

The rotations \j/ x and \|/ are not longer explicit functions of the derivatives of the
deflection w, as for classical plate theory. They take into account the additional rotation
due to shear deformations y^ and Yyz. The result is that in the refined theory there are five
geometric unknowns instead of the three.
8

2.3.2. Equilibrium and constitutive equations of laminates
In the framework of the FSDT, which assumes a constant transverse shear strain
through the thickness [8], the relationship between strains and forces can be written as
[3]:
Bn

Bu

B,,

B-,

B

(2-6)

66

144

H 54

45

H,

1 xz

/ yz

or in abbreviated notation,
(2-7)

where A, B and D are the in-plane, bending and bending-extension coupling stiffness
matrices from the classical lamination theory, and H is the transverse shear stiffness
matrix.
(2-8)
(2-9)

ij = 1,2,6

;

A^SQA

45

(2-10)
(2-11)

y= '

(2-12)
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Equation (2-11) gives the transverse shear stiffness matrix using shear correction
factors to be determined as explained later. This matrix can also be computed directly
using equation (2-22).

2.3.3. Transverse shear stress distribution
In isotropic beams and plates the distribution of the shear stresses is given by the
parabolic equation:
(

-

«
a

3 V

'

z

\2

(2-13)
I: x

2 h

or y

where h is the total thickness of the beam or plate and V, is the transverse shear force per
unit length.
The following equation for determining the transverse shear strain at any location
within a non-homogenous beam was proposed by Bert [16]:
Yxz

=-(Q/G)(AD-B 2 )" 1 (Ab-Ba)

(2-14)

where Q is the transverse shear stress resultant; A, B and D are the respective laminate
stretching, stretching-bending coupling and bending stiffness coefficients; and a and b
were defined as "partial stifmess" for stretching and stretching-bending coupling,
according to the next equation:
(a,b)= 2J(l,z)Edz

(2-15>

This equation is valid for cross-ply laminates, either symmetric or non-symmetric.
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A more general equation for anisotropic laminated beams that includes the terms
of bending-extension, shear and torsion coupling was presented by Madabhusi-Raman
and Davalos [9].
^=-JVx(Qlib1I+zQiid1>

(2-16)

i = 1,2,6
This equation can be extended to laminated plates as follows:
(2-17)

j=l

—k

where Q^ (ij = 1,2,6) are the coefficients of the matrix that relates in-plane stresses and
strains in a lamina along arbitrary axes, and by and dy are the coefficients of the inverse
of the matrix

A B
. Equations for these coefficients can be found in several
B D

composites textbooks (For example Daniel [17]).

2.3.4. Shear correction factor and transverse shear stiffness matrix
The kinematics of the FSDT assumes a constant transverse shear strain through
the thickness of the laminate. To match the global response of FSDT with elasticity
results, the shear correction factor is introduced to modify the transverse shear stiffness
[9]Several methods to determine the shear correction factor were discussed by
Birman and Bert [2]. One of the most common methods to derive expressions for the
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shear correction factor in static applications is by comparison of the shear strain energies.
This method leads to the value of 5/6 for homogeneous beams and plates. An equation to
compute the shear correction factor in non-homogeneous beams was proposed by Bert
[16]. A more general expression for anisotropic beams was presented by MadabhusiRaman and Davalos [9]. Barbero et all [18] presented an equation for thin-walled
laminated composite beams. All these researchers used comparison of the shear strain
energies. Birman and Bert [2] concluded that the energy based static method predicts
very low values of shear correction factor if the shear stiffness of the core is relatively
small compared to the shear stiffness of the face sheets. To solve this problem, it was
proposed a method based on the comparison of the average stresses throughout the cross
section. Using this method they proved that the shear correction factor is one for a
symmetrically laminated multi-skin sandwich structure. In addition, a factor one was
suggested for the analysis of sandwich structures, particularly when the core stiffness is
relatively low.
A general equation for the shear correction factor based on comparison of the
shear strain energies in anisotropic beams was obtained by Madabhusi-Raman and
Davalos [9]. This factor was named in the current work kee (shear correction factor based
on energy equivalence) for following references.
(2-18)
j(Q u b u +zQlid1I)dz
k

=

A2

"\'2

A 4 4 - A 45
155

r

•<lz

i = 1,2,6

J

-%

Q55
The term inside the brackets in the numerator represents the transverse shear
stress distribution,CT^, produced by a unit shear force Vx. This expression for the shear
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correction factor was derived assuming that a yz is negligible, a suitable assumption for
beams that allows to express yyz in terms of yxz and therefore to end up with an explicit
expression for k. However, in plates under bending the shear forces Vx and Vy are
nonzero. This leads to a coupled system of equations with three values of &, as shown in
equation (2-11), that are function of Vx and Vy, which are in general unknown before the
analysis.
If the laminate is made of specially orthotropic layers or if it is balanced, which
covers most of the practical applications of sandwich composite plates, then the
coefficients A45=As4 become zero. This simplification makes possible to decouple the
system of equations. The expressions for the shear correction factors in the x- and ydirection then can be reduced to the following equations:
(2-19)

(2-20)

where
(2-21)

For sandwich composite plates, the numerical integration in equations (2-19) and
(2-20) generally does not require more than four divisions of the core layer for
appropriate convergence.
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A direct expression to compute the transverse shear stiffness matrix is given in
equation (2-22) [8, 10, 11]. This equation was derived using as a weighting function the
parabolic shear stress distribution given in equation (2-13).
4
*k
H

k=l

( -2

T

t2

O

t k Zk + —
12

(2-22)
i j = 4, 5

Equation (2-22) can be used to define equivalent shear correction factors in the xand y-direction based on a parabolic distribution of transverse shear strain (kps: k based
on parabolic shear strain), for the case when A45=A54=0 as follows:
k

PSX

'

k

ps y

'

(2-23)

=*LL

A„
=^22-

(2-24)

A

H44, H55 from equation (2-22)
A44, A55 from equation (2-11)
It is important to notice that in a general laminate with significant differences of
stiffness between layers, such as sandwich structures or even laminates made up of one
material but different layer orientation, the transverse shear stresses distribution is not
parabolic. In sandwich beams or plates with thin skins relatively stiffer than the core, this
distribution has a trapezoidal shape (see Figure 2.3).

2.4. Analysis of symmetric orthotropic laminates and sandwich plates including
transverse shear deformation
2.4.1. Governing equations
The partial differential equations of motion for a symmetric specially orthotropic
laminated plate can be written as ([3, 8]):
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where kx and ky can be computed using equations (2-19) and (2-20) if the shear factors
are computed using the principle of strain energy equivalence or equations (2-23)-(2-24)
if the shear factors are determined using a parabolic shear strain distribution.

2.4.2. Analytical solution for simply supported composite plates subjected to
uniform transverse load
The simply-supported boundary conditions are [3]:
Nn=Nns=Mn=M/s=w = 0

(2-26)

where n and s denote coordinates normal and tangential to the plate edge, respectively.
The Navier's solution for rectangular symmetric specially orthotropic laminates
with hinged edges subjected to static lateral load is given by the following functions [8]:
(2-27)

mux . mry
sin
a
b
. nrcy
P(x,y)= 2 . Z QmnSin mux sin
m=l...n=l..
a
b
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where the coefficients Amn, Bmn and Cmn are computed by solving the following system of
equation:
(2-28)

with
(2-29)

For a rectangular plate with uniform load distributed over a centered square patch:
(2-30)

Figure 2.1. Rectangular plate with uniform load distributed over a square patch

For a square panel (a=b), if the pressure p and the total force F are known, sj> is
computed as:

• -1
T

2

(2-31)

rl
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2.4.3. Natural frequencies for symmetric specially orthotropic laminated plates
The natural frequencies associated with flexural terms for simply supported
symmetric specially orthotropic laminates and sandwich plates including transverse shear
deformation effects can be computed as follows [8]:
2

2

2 _ QL33 +2L12L23L13 — L22LI3 — L11L23
PmhQ

(2-32)

2

2.5. Analysis of sandwich plates
A simplified set of equations was derived b> Whitney [3] for modeling of
sandwich plates. Some specific assumptions that distinguish the sandwich plates from a
general laminate plate are:
1. The core material is transversely isotropic and of much greater thickness than the face
sheets.
2. The in-plane stresses of the core are negligible.
3. The transverse shear stresses in the face sheets are negligible.
4. In-plane displacements are uniform through-the thickness of the face sheets.
The differential governing equations for static bending for the case of identical
top and bottom face sheets with orthotropic properties can be written as [3J:
(2-33)

dyz )

ay
h: thickness of the core.
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Comparing these equations with equations (2-25), it can be concluded that the
sandwich plate model is numerically equivalent to applying a shear correction factor k=\
to the transverse shear stiffness of core and neglecting the contribution of the face sheets.
The analytical solution for simply supported boundary conditions and uniform
transverse load is of the form:
(2-34)

The coefficients A, B and C are given by:
(2-35)

where
(2-36)

and qmn is determined by equation (2-30)
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2.6. Numerical application
2.6.1. Sandwich panel data
Three types of sandwich panels were analyzed. The face sheets of the three types
of panels were made up of woven E-glass with the warp direction aligned to x-axis. Three
core materials were investigated, with different transverse shear moduli. The thickness of
the core was varied from 20 to 50 mm in order to study the influence of the span/depth
ratio. The panels were loaded with a uniformly distributed pressure of 0.2 N/mnT. The
panels were square with a supported span of 500 mm, and simply supported boundary
conditions. The designation and description of the panels is given next:
Panel 1: Identical top and bottom face sheets made up of three layers of woven E-glass,
with a thickness of each layer of 0.635 mm. The core material is end-grain balsa wood.
Panel 2: Identical top and bottom face sheets made up of three layers of woven E-glass,
with a thickness of each layer of 0.635 mm. The core material is PVC foam.
Panel 3: Top face sheet made up of three layers and bottom face sheet made up of six
layers of woven E-glass. The core material is polyurethane (PU) foam reinforced with
diagonal fiberglass bridging strands in the x-z plane [19].
For panels 1 and 2, the analytical solutions presented previously are applicable.
The particular configuration of panel 3 was chosen for the following reasons:
1) Since an analytical solution for non-symmetric laminates is not available, a finite
element analysis using plate/shell elements is required; 2) The simplified model for
sandwich plates cannot be considered for this configuration because the commercial
finite element software utilized in this work (ANSYS 11.0) requires that both face sheets
must be identical in order to use that option [20]; 3) The inclusion of vertical fibers in the
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x-z plane increases the transverse shear modulus Gxz, which leads to significant
differences in the shear correction factors in the x- and y-direction.
The elastic properties and density of the face sheets and core materials used in the
analytical solutions and finite element modeling are given in Table 2.1.
Table 2.1. Elastic properties and density of face sheets and core materials

Balsa wood
core
PVC Foam
core
PU Foam
core
E-glass face
sheets

Ex
MPa

Ey
MPa

MPa

100

2000

60

Density
kg/m3

xy

Vxz

v

yz

MPa

Gxz
MPa

MPa

100

0.2

0.2

0.2

100

50

100

82

80

60

0.3

0.3

0.3

24

24

24

80

60

80

60

0.3

0.3

0.3

24

240

24

80

26000

12000

20500

0.15

0.14

0.2

3600

5000

3600

1900

V

Gyz

2.6.2. Sandwich composite plates modeling
Five models were implemented for the analysis of the sandwich composite plates.
The deflection, axial strain and natural frequency were compared. The designation of the
models and corresponding abbreviation are defined in Table 2.2.
Table 2.2. Models utilized in the analysis of sandwich composite plates
Model
1
2
3
4
5

Description
Sandwich plate model
FSDT with shear correction factor computed by equivalence shear
strain energy principle, equations (2-19)-(2-20).
FSDT with shear correction factor computed assuming a parabolic
distribution of the transverse shear stresses, equations (2-23)(2-24)
FSDT with shear correction factor for isotropic plates.
3-D solid finite element model
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Symbol
SP
Kee

KpS

k=%
FE

For the panel 1 and panel 2, the predictions from the FSDT were computed using
analytical solutions. For panel 3, the predictions from the FSDT were estimated using
finite element analysis. The sandwich panel was modeled with layered shell elements that
require as input the transverse shear stiffness matrix, which is computed using equation
(2-11) and considering A45=A54=0.
The shear correction factors for each panel configuration are given in Table 2.3.
Table 2.3. Shear coirection factors for the sandwich panels
Panel type

h

(mm)
Kee, x

Panel 1

Kee, v
Kps,x
Kps, V

^ecx

Panel 2

Kee, v
kps, x
*^PS, V

Kee, x

Panel 3

Kee, v
kps,x
kps,y

20

25

30

35

40

45

50

0.1530
0.1529
0.2869
0.2869
0.0407

0.1787
0.1787
0.2780
0.2780
0.0487

0.2030
0.2029
0.2767
0.2767
0.0565

0.2259
0.2259
0.2798
0.2798
0.0642

0.2476
0.2476
0.2855
0.2855
0.0718

0.2682
0.2681
0.2929
0.2929
0.0793

0.2876
0.2876
0.3012
0.3012
0.0867

0.0407
0.2153
0.2153
0.2490
0.0302
0.4155
0.2974

0.0486
0.1906
0.1906
0.2816
0.0355
0.4040
0.2599

0.0565
0.1748
0.1748
0.3117
0.0408
0.4010
0.2332

0.0642
0.1644
0.1644
0.3396
0.0461
0.4030
0.2136

0.0718
0.1577
0.1577
0.3654
0.0514
0.4080
0.1990

0.0793
0.1535
0.1535
0.3893
0.0566
0.4148
0.1879

0.0867
0.1511
0.1511
0.4116
0.0617
0.4226
0.1794

2.6.3. Solid finite element modeling
An approximation to the elasticity solution was obtained with a three dimensional
finite element model using the commercial finite element software ANSYS 11.0. The
face sheets and core of the sandwich panel were modeled with 20-node brick elements.
One-quarter of the panel was modeled using symmetry boundary conditions (see Figure
2.2. According to ASTM D 6416, for core material with low compression modulus the
edges of the panel should be reinforced. In order to better approximate what occurs in the
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bending tests, a 5-mm balsa wood edge was included in the FE models of the sandwich
panels with foam core.

Figure 2.2. Finite element model of one-quarter of the sandwich panel. Coordinate
system and boundary conditions

2.6.4. Results
The computational routines required for the computation of transverse shear
stresses, shear correction factors, deflections, strains and natural frequencies were
implemented in MATLAB code.
The transverse shear stress distribution through the thickness of the sandwich
plate for a unit shear ibrce (1 N/mm) was calculated using equation (2-17) (see Figure
2.3). A core of 25 mm of depth was considered. It can be noted that these stresses have a
trapezoidal shape in sandwich plates, which contradicts the assumption in equation
(2-22).
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Figure 2.3. Transverse shear stress distribution: (a) Panel 1; (b): Panel 2
The deflection and maximum axial strain in the tension side in the x-direction at
the center of the panel for the three types of sandwich panels were calculated using
models 1 to 5. They are presented as a function of the core depth in Figure 2.4 to Figure
2.9.
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Figure 2.4. Deflection at the center of the panel versus thickness of the core, panel 1
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Figure 2.5. Deflection at the center of the panel versus thickness of the core, panel 2
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Figure 2.6. Deflection at the center of the panel versus thickness of the core, panel 3
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Figure 2.7. Axial strain at the center of the panel versus thickness of the core, panel 1

20

25

30

35

40

45

50

Depth of the core (mm)

Figure 2.8. Axial strain at the center of the panel versus thickness of the core, panel 2
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Figure 2.9. Axial strain at the center of the panel versus thickness of the core, panel 3

In order to evaluate the effect of the shear deformation in sandwich panels, the
contribution of the shear deflection to the total deflection was computed numerically by
assigning a large value to the elastic moduli of the face sheets, Ei and E2. In this manner,
the bending stiffness of the sandwich panels tends to infinite. Then the deflection was
computed using the simplified model for sandwich plates (model 1). The results for
panels 1 and 2 are shown in Figure 2.10.
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(b)
(a)
Figure 2.10. Deflection due to shear deformation in sandwich panels: (a) Panel 1; (b)
Panel 2

The first natural frequency associated with a flexural vibration mode was
determined for the sandwich panels using models 2 to 5. Results are presented in Figure
2.11 to Figure 2.13.
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Figure 2.11. First natural frequency versus thickness of the core, panel 1
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Figure 2.12. First natural frequency versus thickness of the core, panel 2
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Figure 2.13. First natural frequency versus thickness of the core, panel 3.

2.7. Discussion
The shear correction factor computed by energy principles (kee) is extremely low
when the shear stiffness of the core is a small fraction of the shear stiffness of the face
sheets. This result coincides with the conclusions presented by Birman and Bert [2].
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In the sandwich plate made of balsa wood core (panel 1), models 1 and 2
predicted accurate deflection compared to model 5 for all core depths. Model 3 tended to
correlate better as the thickness of the panel increases, but it gave errors of about 12% for
thinner plates. Model 4 always underestimated the deflection, with errors of up to 20%.
All the models agreed in the estimation of axial strain. Model 2 predicted appropriately
the natural frequency, while models 3 and 4 presented a higher deviation.
In the case of the foam core sandwich plates (panels 2 and 3), which have a lower
transverse shear stiffness, models 3 and 4 clearly underestimated the deflection, with
errors of about 50% for the thinnest panel. They also gave high errors in the estimation of
the natural frequency. Models 1 and 2 showed good correlation for deflection with model
5, being model 1 slightly conservative for panel 2.

All the models agreed in the

estimation of axial strain for panels 1 and 2, while for the case of the non symmetric plate
(panel 3), models 3 and 4 underestimated the strain. Model 2 predicted accurate values of
natural frequency in all the panels. Due to the lack of agreement with the solid finite
element model, models 3 and 4 should not be utilized in the analysis of sandwich panels
with relatively low shear modulus core.
It is interesting to notice in the results for panels 1 and 2, that while the foam core
sandwich plate deflects more than the balsa wood panel, the axial strains are very similar
in both type of panels. This can be explained by the fact that the in-plane stiffiiess is
provided by the face sheets, while the extra deflection in the foam core panels is due to
the lower transverse shear stiffness of the core. The predicted axial strains in the face
sheets are relatively independent on the method to determine the transverse shear
stiffiiess of the sandwich plate.
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As expected, the effect of the shear deformation on the deflection increases with
the thickness of the plates, being greater in the foam core panel. The results presented in
Figure 2.10 clearly demonstrate the need to include the shear deformation effects in the
analysis of sandwich plates.
The sandwich plate model is a simpler method to analyze simply supported
sandwich structures, because it does not need a shear correction factor. However, its
applicability depends on meeting the basic requirements that the panel lay-up must be
symmetric, the core must be much thicker than the face sheets, and it must have a
relatively low transverse shear modulus. If these conditions are not satisfied, a more
general approach is to use the analytical solution for symmetric specially orthotropic
laminated plates or a finite element analysis approach using plate/shell elements
providing a reasonable value for the shear correction factor. In this work, it was proved
that the energy equivalence method to compute k resulted in similar deflections than the
solid finite element model, even though k could be very low in sandwich structures with
soft core material.
Some commercial finite element programs request the transverse shear stiffness
matrix. If the transverse shear strain is to be considered in the analysis, a good choice is
to adopt the shear correction factor computed by the energy equivalence method
proposed in this work to calculate that matrix.
2.8. Conclusions
In this research work it was demonstrated that the FSDT can be confidently
applied to the linear elastic analysis of sandwich plates if a correct choice of the shear
correction factor is made. The method to compute the shear correction factor based on the
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principle of equivalence of strain energy presented the best correlation with the threedimensional finite element model in the prediction of deflection, strain and natural
frequencies. Equations were derived to compute the shear correction factor based on the
principle of strain energy equivalence for composites and sandwich plates made of
orthotropic layers or balanced laminates.
It was verified that in sandwich plates with core material of relatively low shear
stiffness, the choice of the method to determine the shear correction factor can severely
affect the prediction of deflection and natural frequencies. This is due to the greater effect
of the shear deformation in sandwich structures with core material of low shear modulus.
In contrast, the axial strain in the face sheets is rather insensitive to the method to
compute the shear correction factor.
It was demonstrated that in this type of sandwich plates the shear correction factor
based on a parabolic distribution of transverse shear strain and the shear factor for
isotropic plates (5/6) lead to considerably errors in the estimation of deflection and
natural frequency. Therefore, these two values of shear correction factor should not be
utilized in the elastic analysis of this type of composite structures.

2.9. Symbols for the first-order shear deformation theory for composite plates
kx, ky, kxy = shear correction factors
u = in plane displacement in the x-direction
v = in plane displacement in the y-direction
w = out of plane displacement in the z-direction
u° = in plane displacement in the x-direction at the middle surface of a plate
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v = in plane displacement in the x-direction at the middle surface of a plate
\|/x= rotation of a transverse normal about the y-axis
\|/y = rotation of a transverse normal about the x-axis
sx = in-plane strain for the x direction
8y = in-plane strain for the y direction
Yxy = in-plane shear strain for the xy direction
Yxz = transverse shear strain in the xz direction
yyz = transverse shear strain in the yz direction
sx° = midplane strain for the x direction
Ey° = midplane strain for the y direction
Yxy° = midplane shear strain for the xy direction
z = through thickness coordinate
KX = curvature in the x direction
Ky = curvature in the y direction
KX = curvature in the xy direction
A = in-plane stiffness matrix from the classical lamination theory
B = bending stiffness matrix from the classical lamination theory
D ~ bending-extension coupling stiffness matrix from the classical lamination theory
H = transverse shear stiffness matrix
Nx = normal resultant force in the x direction per unit length
N y = normal resultant force in the y direction per unit length
Nxy = in-plane resultant shear force per unit length
Mx = resultant bending moment about y-axis per unit length
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My = resultant bending moment about x-axis per unit length
Mxy = resultant twisting moment per unit length
Vx = resultant transverse shear force in the plane yz
Vy = resultant transverse shear force in the plane xz
n = number of layers of the laminate
k

Qy (i,j = 1,2,6) = coefficients of the matrix that relates in-plane stresses and strains in a
lamina along arbitrary axes
—k

Qij (ij

=

4,5) = coefficients of the matrix that relates transverse shear stresses and strains

in a lamina along arbitrary axes
Zk,Zk-i = z-coordinates of the upper and lower surfaces of layer k.
G B , G23 = transverse shear moduli of a lamina in the principal material axes
6 = lamina orientation angle, measured positive counterclockwise from the x-axis to the
1-axis
kee,x, kee,x = shear correction factors based on strain energy equivalence method
kps,x, kps,x = shear correction factors based on parabolic shear strain
TXZ = transverse shear stress in the global xz direction
Tyz = transverse shear stress in the global yz direction
p(x,y) = transverse load acting on a plate
h = core thickness
m = iteration index associated with the x-direction (Navier's solution)
n = iteration index associated with the y-direction (Navier's solution)
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3.

EXPERIMENTAL EVALUATION OF SANDWICH COMPOSITE PLATES
USING ASTMD 6416

3.1. Abstract
The objective of this research work was to enhance the test method for simply
supported sandwich composite plates subjected to a distributed load (ASTM D6416) by
correlating the experimental response with analytical predictions. Two models based on
the first order shear deformation theory (FSDT) were investigated: 1) Symmetric
especially orthotropic laminated plates with shear correction factor based on the principle
of shear strain energy equivalence; 2) Simplified model for sandwich plates. Four types
of panels were fabricated and tested using the Hydromat Test System. The face sheets
were made up of woven E-glass fiber and unidirectional carbon fiber polymer matrix
composites, while end-grain balsa wood and PVC foam were used as core material. The
deflections and strain at the center of the panels were measured. The good agreement
between experimental and analytical deflection provides a validation of the analytical
methods.

3.2. Introduction
Sandwich composite structures are made by bonding thin high stiffness face
sheets to a low stiffness but relatively thick core material. The high stiffness to weight
ratio makes this kind of structural element a very attractive design option in weight
critical structures. The main load-carrying portions are the composite skins, while the
core serves as a spacer to keep the face sheets at a large distance from the neutral surface.
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As a result, the maximum normal stresses are in the skins and the core carries most of the
transverse shear [1].
The need for reliable testing methods has increased as sandwich construction is
more demanded in the marine industry. One-dimensional test methods such as three- or
four-point beam bending and beam shear tests do not accurately reflect the real behavior
of sandwich structures in marine applications, which is usually two-dimensional. To
simulate more realistic test conditions for sandwich panels, a new test system was
developed primarily for static and fatigue testing of simply supported marine composite
panels [2, 3]. The system, called Hydromat Test System (HTS), was given the
designation ASTM D 6416, with its latest version corresponding to 2007.
The Hydromat Test System (HTS) was designed to simulate the hydrostatic
loading present in sandwich structures such as marine hulls. The test fixture provides
simply supported boundary conditions around the edges of a square panel. When loaded,
a water-filled bladder provides a uniform distributed load acting over a portion of the
surface of the panel. The support span and boundary conditions were based on typical
hull framework in which bulkheads and stringers form a rectangular grid that supports the
skin of the hull and leaves a square unsupported area [4]. The development of the
pressure bladder was based on the water pressure forces commonly acting on the skin of
the hull of a marine structure, resulting in the unsupported rectangular areas bulging
inwards due to a two-dimensional distributed load [5]. A picture of the test fixture
implemented in this work is shown in Figure 3.1.
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Figure 3.1. Hydromat Test System

A round robin study on various types of sandwich panels was conducted by
ASTM D30.09.01 Task Group on Sandwich 2D Plate Flexure. The objectives of this
round robin study were to assess the repeatability and variability of the test method at
various laboratories using similar HTS fixtures and to establish a reliable database to
validate numerical methods to compute sandwich panel stiffness parameters. The panels
considered include both isotropic and orthotropic face sheets and core. The variability
and repeatability of the test method was determined by comparing the pressure to
deflection data for the same sets of sandwich panels tested at various labs. The round
robin study was performed by the University of Maine, Gougeon Brothers Inc., DIAB
Inc., and Michigan Technological University using similar HTS fixtures [3].
The sandwich panels utilized in the present research work were part of a fatigue
test program conducted to determine the durability of embedded fiber optic sensors of the
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Extrinsic Fabry-Perot Interferometric type. More information on the fatigue testing
experiments can be found in reference [6].
The objective of the present research work was to enhance the Standard Test
Method for Two-Dimensional Flexural Properties of Simply Supported Sandwich
Composite Plates Subjected to a Distributed Load ASTM D 6416 by correlating the
experimental response with analytical predictions. The two investigated models are
based on the first order shear deformation theory (FSDT):
1) Simplified model for sandwich plates. This model is based on the following
assumptions: The core material is transversely isotropic and of much greater thickness
than the face sheets; the in-plane stiffness of the core is small compared to the stifmess of
the face sheets; the in-plane stresses of the core and the transverse shear stresses in the
face sheets are negligible; and the top and bottom face sheets must be identical. This
model is referenced by the Standard ASTM D 6416 as a method to determine the global
bending and shear stiffness of sandwich plates. It could also be used to estimate the six
basic elastic properties of sandwich composite plates (Ei, E2, D12 and G12 for the face
sheets and Go, G23 for the core) through an inverse method [7].
2) Symmetric specially orthotropic laminated plates. In this general model the previous
simplifications are released. This model requires as input two shear correction factors, kx
and ky. The effect on the predicted deflection of different choices of shear correction
factors and the equations for computing the shear correction factors were presented in
Chapter 2. In the present work, the shear correction factors were computed using the
principle of strain energy equivalence.
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The simplifications in the model for sandwich plates restrain the applicability of
the model to certain applications. For example, using the methodology presented in
Chapter 2, the following general limits for confident results of the sandwich plate model
were numerically established:
Ef
^<
100
Ec
Gf
—^<100

(3-D

Gc

^>10
where:
Ef: In-plane elastic modulus of the face sheets.
Ec: In-plane elastic modulus of the core.
Gf: Transverse shear modulus of the face sheets.
Gc: Transverse shear modulus of the core.
hf: Thickness of each face sheet.
lie: Thickness of the core.
When these limits are not satisfied, the sandwich plate model begins to
overestimate the deflection, with error greater than 10% compared to the general model
for symmetric specially orthotropic laminated plates. By introducing a general FSDT
model with shear correction factors based on the principle of strain energy equivalence,
the applicability of the ASTM D 6416 can be extended to more general sandwich
composite plates. For symmetric specially orthotropic laminated plates, the analytical
solution presented in Chapter 2 can be utilized for correlation if applicable. In a more
general situation, even nonsymmetric sandwich plates could be investigated with ASTM
D 6416 if a finite element analysis approach using shell elements combined with the
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shear correction factors based on the strain energy equivalence principle is utilized for
correlation with experimental measurements.
3.3. Methodology
The approach followed in this work was to compare two different methods for
determining bending stiffness of laminated fiber reinforced polymer (FRP) composite
beams and plates.
In the first method, called Laminate Analysis Method, the elastic properties of the
laminae are determined from coupon tests or material databases. The orientation and
thickness of the laminae are previously defined. Then, the laminate stifmess matrices can
be computed using the plate formulation from CLT. If the transverse shear strains are to
be included in the analysis, then the FSDT plate formulation is applied. Finally, these
rigidities can be incorporated into a structural model that predicts displacements and
strains for a particular set of loading and boundary conditions. This method is practical
for preliminary design stages.
The governing differential equations and analytical solutions for rectangular
simply supported sandwich plates subjected to static uniform pressure were presented in
Chapter 2. They are based on the FSDT for laminated plates. In the present work, two
structural models were used to predict deflection and strain. They were described in the
previous section.
1) Simplified model for sandwich plates, designated as SP for correlation with
experimental results.
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2) Symmetric specially orthotopic laminated plates using shear correction factors based
on the principle of strain energy equivalence, designated as kee for correlation with
experimental results.
The second method for computing stiffness properties is called Structural Testing
Method. In this case, a structural component such as a composite beam or plate is tested
in the elastic range. Then the global bending or axial stiffness of the structure can be
directly obtained from the experimental measurements. This method is adequate for a
final design stage, where the required structural properties must be more reliable.
In the present work, eight square sandwich panels were tested using the Hydromat
Test System [4]. In this test configuration, a square plate is simply supported on the four
edges and loaded with a uniform distributed loading. The deflection was recorded. Then,
these experimental results were correlated with the values predicted by the Laminate
Analysis Method.

3.4.

Experimental procedure

3.4.1. Test specimens
Eight sandwich panels were tested in this research work. The four material
combinations of the sandwich composite panels used in the test program are shown in
Table 3.1.
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Table 3.1. Sandwich composite panel test matrix and panel designations for the test
program
Face Sheet Material
E-glass
Carbon Fiber
Core
Material

End-Grain
Balsa Wood
Core
PVC Foam
Core

CBl
CB2

GBl
GB2

CFl
CF2

GFl
GF2

3.4.2. Materials
Saint-Gobain Vetrotex 324 E-glass fabric, with an areal weight of 814 g/m2 (24
oz/yd ), and 55% of the fibers in the warp direction and 45% of the fibers in the fill
direction was used as the face sheet reinforcement material for half of the sandwich
panels in the test program. Three layers of fabric per face sheet were placed with the
warp direction oriented parallel to the X-axis of the panel. A schematic of the E-glass
orientation with respect to the panel is shown in Figure 3.2.

Y-dircction
A

Fill (90°)
•

X-direction
»-

<

Warp (0°)
Figure 3.2. Sandwich Panel Orientation Schematic

Carbon fiber fabric was used as the material for the face sheets of the other half of
the sandwich panels. The carbon fiber fabric was unidirectional and had a weight of 305
9

9

g/m (9.0 oz/yd ). The sequence of layers was [0/90/0], with the 90 degree middle layer
oriented in the Y-direction of the panel.
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Two types of core materials were used for this research:
1) Balsa wood core: Balsa BALTEK SB Structural end-grain balsa [8].
2) Foam core: Divinycell H80 semi-rigid polyvinyl chloride (PVC) [9].
A summary of the core material properties is presented in Table 3.2.
Table 3.2. Summary of Sandwich Panel Core Material Properties
Thickness (mm)
Density (kg/m )
Shear Strength (MPa)
Compressive Strength (MPa)

End-Grain Balsa Core
25
94
1.8
6.3

PVC Foam Core
25
80
1.15
1.4

Derakane 8084, an elastomer modified vinyl ester epoxy resin, was used as the
resin in the Vacuum Assisted Resin Transfer Molding (VARTM) process with Seemann
Composite Resin Infusion Molding Process (SCRIMP) technology. The epoxy resin was
promoted with a 6% cobalt solution, accelerated with Dimethylaniline (DMA). Trigonox
23 9 A was used to catalyze the resin mixture. Typical properties of the resin in both liquid
and gelled postcured state are presented in Table 3.3 [10]. The fabrication procedure was
described by Haskell [6].
Table 3.3. Typical Properties of Derakane 8084 Elastomer. Modified Vinyl Ester Epoxy
Resin
Derakane 8084
Typical Liquid Resin Properties
Density, 25° C/77°F (g/mL)
Dynamic Viscosity, 25°F/77°F (MPa s)
Styrene Content (%)
Typical Properties of Postcured
Resin Clear Casing
Density (g/cm)
Tensile Strength (MPa)
Flexural Strength (MPa)
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1.02
360
40

1.14
76
132

3.4.3. Panel dimensions
The average thickness of the panels is shown in Table 3.4. The supported span of
the panel was 500 mm.
Table 3.4. Core, face sheets and total average thickness of the panels
Panel
GB1
GB2
GF1
GF2
CB1-CB2
CF1-CF2

Total thickness, h
(mm)
28.596
28.692
29.378
29.023
27.289
27.77

Thickness of the
core, he (mm)
24.889
24.889
25.4
25.4
24.889
25.4

Thickness of each layer
of reinforcement, tf (mm)
0.678
0.634
0.663
0.604
0.400
0.395

According to ASTM D 6416, the sandwich panels with foam core material were
reinforced with a 10 mm end-grain balsa wood edge.

3.4.4. Face sheets and core elastic properties
The elastic properties of the glass-fiber face sheets were obtained from a previous
research [11] according to ASTM Standard D 3039 [12] and ASTM Standard D 4255
[13]. In this work, the in-plane elastic and strength properties were determined for [0]4Sf
E-glass fiber panels, made with the same fabric, resin and process. The fiber-dominated
properties (Ei, E2, Fit, Fic, F2t, and F2C) were normalized to a nominal thickness of 5.08
mm (0.635 mm each layer). The normalized elastic moduli are
E2N=22500

EIN=26000

MPa and

MPa. The other two in-plane elastic parameters are ui2=0.14 and Gi2-5000

MPa. The actual fiber dominated properties of the face sheets of the sandwich panels
were estimated by multiplying the normalized value by the ratio between the nominal and
actual thickness of the face sheets as shown in equation (3-2).
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(3-2)

The elastic moduli of the glass-fiber face sheets for each panel are shown in Table
3.5.
Table 3.5. E-glass fiber face sheets elastic properties utilized in the structural models
Panel

GB1
GB2
GF1
GF2

Ei (MPa)
24351
26000
24902
27334

E 2 (MPa)
21073
22500
21550
23655

«12

0.14
0.14
0.14
0.14

G n (MPa)
5000
5000
5000
5000

The elastic moduli (Ei, Ej) and tensile strength (Fi, F2) of the carbon fiber
composite face sheets were determined by conducting tensile tests in unidirectional
specimens, according to the ASTM Standard D 3039 [12]. Twelve coupons were tested in
tension parallel to the fiber direction, and nine were tested in tension perpendicular to the
fiber. In order to determine the Poisson's ratio (1)12), nine specimens were instrumented
with a foil strain gage oriented in the transverse direction of the load. Since the average
layer thickness of the tension coupons and face sheets of the sandwich panels were
practically the same, it was not required a normalization of the fiber-dominated
properties.
The in-plane shear modulus (Gn) was determined by conducting three-rail shear
tests according to the ASTM Standard D 4255. Four unidirectional specimens were tested
with the compressive load acting perpendicular to the fiber. The mechanical properties of
the unidirectional carbon fiber composite and the number of representative values and
coefficients of variation (CV) are summarized in Table 3.6.
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Table 3.6. Carbon fiber face sheets elastic properties utilized in the structural models

Number of
specimens
CV (%)

Ei (MPa)

E 2 (MPa)

Fi (MPa)

F 2 (MPa)

Vl2

89161

5942

1003

13.2

0.40

Gn
(MPa)
2800

12

9

10

7

9

4

4.73

8.00

12.67

8.53

13.80

2.64

The transverse shear moduli ( G B , G23) of the face sheets are required in the model
for symmetric specially orthotropic laminated plates and for the computation of the shear
correction factors. These moduli can be determined by conducting transverse shear tests,
which often do not give consistent results. In this work, it was adopted a value of 3600
MPa for G13 and G23 of the E-glass face sheets. In the case of the carbon fiber, since the
shear specimens were unidirectional, G13 can be assumed equal to G12 (transverse
isotropy). G23 was taken as the same value as G13.
The transverse shear moduli of the balsa wood and foam core were obtained from
previous research tests [7].
Gi3=G23=100 MPa (balsa wood)
Gi3=G23=24 MPa (foam)
The in-plane elastic moduli of the core material (Ei, E2, D12, G12) are not
commonly reported by supplier. They are expected to be significantly lesser than the
elastic moduli of the face sheets.

It was numerically verified that adopting some

reasonable values, for example Ei and E2 between two and four times greater than G13,
leads to nominally the same results for deflection and strain as setting them to zero.
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3.5. Experimental results
Quasi-static ramp tests in the linear-elastic range were conducted on each panel
according to ASTM D 6416 [4]. The load from the load cell, pressure from the bladder
pressure transducer and deflection at the center panel from a linear variable displacement
transducer (LVDT) were collected.
During the ramp tests, each load level produced a different average pressure.
Given the load and pressure, the size of the equivalent patch load was computed by
equation (3-3).
1

A
(
(*H
<b = — a - —
2

(3-3)
v

'

l VPJ

where a is the side dimension of the panel, F is the total load and P is the pressure.
In this way, each recorded load can be associated with a pressure (p) and size of
the patch load (<J>). Then, for each load, the analytical deflection was computed using two
structural models: 1) Simplified model for sandwich plates. 2) Symmetric specially
orthotropic laminated plates model with shear correction factor computed by equivalence
shear strain energy principle. The required equations to compute deflection and strain
were presented in Chapter 2. These results and the experimental measurements were
plotted in the same graph for each panel. The computational routines required for
computing the shear correction factor and the analytical solutions for deflection and
strains were implemented in MATLAB code.
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3.5.1. Shear correction factor
The shear correction factors for each panel are shown in Table 3.7.
Table 3.7. Shear correction factors for the E-glass and carbon fiber sandwich panels
Panel
GB1
GB2
GF1
GF2
CB1-CB2
CF1-CF2
kee, x ; kee, y' shear correction factors

K ee,x

K ee, v

0.1700
0.1699
0.1782
0.1781
0.0476
0.0476
0.0514
0.0513
0.2962
0.2970
0.0921
0.0923
computed by equivalence shear strain energy

principle.
It can be observed that the shear correction factor computed by energy principles
is extremely low when the shear stiffness of the core is relatively small compared to the
shear stiffness of the face sheets.
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3.5.2. Deflection at the center of the panel
The correlation between experimental (Exp) and analytical load-deflection curves
at the center of the panel is shown in the next figures (see section Methodology for
corresponding nomenclature).
Panel GB1

Panel GB2
30 r

25

1

2

3

4

1

Deflection at the center of the panel, mm

2

3

4

5

Deflection at the center of the panel, mm

Figure 3.3. Correlation between experimental and theoretical deflection in E-glass/balsa
wood sandwich panels

Panel GF1

Panel GF2

25

25 r

2
4
6
S
Deflection at the center of the panel, mm

2

4

6

Deflection at the center of the panel, mm

Figure 3.4. Correlation between experimental and analytical deflection in E-glass/foam
sandwich panels
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Panel CB1

Panel CB2
25 r
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1

3

2

0

4

1

2

3
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Deflection at the center of the panel, mm

Deflection at the center of the panel, mm

Figure 3.5. Correlation between experimental and analytical deflection in carbonfiber/balsa wood sandwich panels

Panel CF1

Panel CF2

20

20 r

2

4

6

8

2

Deflection at the center of the panel, mm

4

6

Deflection at the center of the panel, mm

Figure 3.6. Correlation between experimental and analytical deflection in carbonfiber/foam sandwich panels
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The difference at the maximum load between the experimental and theoretical
deflection is given in Table 3.8.
Table 3.8. Difference between experimental and theoretical deflection
Panel
GB1
GB2
GF1
GF2
CB1
CB2
CF1
CF2

Difference (%) at maximum load
SP
Kee
7.67
3.54
10.35
6.68
9.61
0.69
0.44
-8.39
9.91
7.68
7.02
9.26
3.83
-1.47
8.07
12.87

3.5.3. Global stiffness
The slope of each curve represents the total stiffness (bending and shear) of the
panel under transverse load. This slope was computed by the least squares method.
Results are given in Table 3.9. The right columns are the difference between the
experimental and analytical stiffness.
Table 3.9. Comparison between experimental and analytical bending stiffness of the
panels

Panel
GB1
GB2
GF1
GF2
CB1
CB2
CF1
CF2

Global bending stiffness of the panel (N/mm)
Analytical
Experimental
SP
Kee
3.84%
5433.1
5641.9
5895.6
8.51%
7.33% 5819.3
5207.1
5588.9
11.76%
3026.7
3030.7
0.13%
3330.7
10.04%
-8.56% 3208.3
3222.2
2946.3
-0.43%
9.94%
4560.3
5013.8
5138.5
12.68%
5105.4
4719
8.19%
5231.9
10.87%
2828.8
2769.7
-2.09% 2922.6
3.32%
2592.7
2786.1
7.46% 2939.9
13.39%
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3.6. Discussion
From the experimental results, it can be noted a well defined linear behavior in all
the panels. The good agreement between experimental and analytical deflection provides
a validation of the analytical method based on the FSDT implemented in this work. In
some cases the simplified model for sandwich plates presented a better correlation. The
model for symmetric specially orthotropic laminates with the shear correction factor
based on strain energy principles also presented good correlation. This result is promising
because it gives an experimental support to the low values of the shear correction factor
when the transverse shear stiffness of the core is much lower than the shear stiffness of
the face sheets.

3.7. Conclusions
In this research work, the Standard Test Method for Two-Dimensional Flexural
Properties of Simply Supported Sandwich Composite Plates Subjected to a Distributed
Load ASTM D 6416 was utilized to characterize the elastic behavior of sandwich
composite plates. Eight sandwich composite plates made up of different combination of
face sheets and core materials were tested in quasi-static ramp tests using the Hydromat
Test System. Two models based on the first-order shear deformation theory (FSDT) for
laminated plates were correlated with experimental deflection.
The main contribution of this work is to present a general FSDT model that
combined with shear correction factors based on the principle of strain energy
equivalence allows to extend the applicability of the ASTM D 6416 to more general
sandwich composite plates, where the assumptions for a simplified model for sandwich
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plates are not longer valid. The good correlation between the analytical and experimental
deflection provides an experimental validation to this model.
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4.

STRUCTURAL HEALTH MONITORING USING FIBER OPTIC STRAIN
SENSORS EMBEDDED IN POLYMER MATRIX COMPOSITE
LAMINATES

4.1. Abstract
The objective of this research work was to develop a system of fiber optic strain
sensors and temperature/relative humidity sensors to perform a long-term structural
health monitoring of selected structural elements of an office building. The approach for
the structural health monitoring was to use fiber optic strain sensors embedded in durable
and rugged composite laminated strip that can be attached to structural members. A
technique for fabricating the composite strips with embedded sensors through Vacuum
Assisted Resin Transfer Molding (VARTM) process was developed. The strain sensors
were temperature non-compensated Extrinsic Fabry-Perot Interferometric. Temperature
and relative humidity sensors were also installed. Three beams in different locations of
the building were instrumented. Monitoring of the sixain, temperature and relative
humidity was conducted since September 2005 to July 2007. The fabrication, installation
of the sensors and first nine months of monitoring were carried on by a former MS
student. After that period, the strain and temperature were monitored for 13 months more
as part of this thesis work. The 22-months data clearly indicates a cyclic variation of the
longitudinal strains in the beams, with a period of about one year. The change in strain
can be attributed to the shrinkage-expansion of the beams due to the variation of relative
humidity during the year.
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4.2. Introduction
The field of structural health monitoring (SHM) has been the subject of research
in the last few years, particularly in civil and structural engineering [1]. SHM systems are
generally intended to validate the structural analysis and design, detect anomalies in
loading and response, detect damage at an early stage to ensure structural safety, and
provide real-time information for safety assessment after extreme events [2]. The
development of optical fiber sensors for SHM applications has increased in recent years
as well. This is due to the advantages fiber optics have compared to other conventional
sensing systems including small size, relatively low cost, light weight, flexibility,
embeddability, multiplexity, electro-magnetic-interference (EMI) immunity, and high
sensitivity [3, 4].
Several examples of SHM using fiber optic strain (FOS) sensors have been
described in the literature [3,5]. Embedded fiber optic sensors in composite laminates are
a very attractive alternative in civil and marine applications when protection from
temperature, humidity, moisture, and chemical agents is required [6]. The use of
embedded fiber optic sensors has been investigated for real-time health monitoring
systems in several aerospace and civil engineering applications [4].
Based on research conducted at the University of Maine, extrinsic Fabry-Perot
interferometric (EFPI) FOS sensors, which were the sensors utilized for the present
research, were found to generate results comparable to strain values obtained with
conventional instruments [7]. A method to protect the FOS sensors and provide a
practical and relatively easy installation method is necessary for the further development
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and implementation of the FOS technology. The present work addresses this need for
protection through the use of a polymer matrix composite laminate.
The objectives of this research work were: to develop a method to fabricate
polymer matrix composites (PMC) laminates with embedded FOS sensors, to create a
functional sensor system within an office building which addresses routing and
construction concerns, and to determine the performance of the sensor system. Results of
the structural health monitoring of an office building are presented.

4.3. Building description and selection of structural components
The Advanced Engineered Wood Composites (AEWC) Center office expansion at
the University of Maine was constructed between the fall of 2004 and the spring of 2005.
Construction consisted of renovations to the existing building and an expansion with
approximately 641 m (6900 ft) of new office space. The inclusion of sensors, cables,
and data logging units in a centralized location was included in the building planning
process.
Three structural elements of the building expansion were chosen to be
instrumented based on their location within the building and the anticipated loads under
service conditions:
1) A glulam beam in the lobby corridor was selected based on its visibility to the public
and its proximity to visual displays in the lobby. The beam is part of the ceiling framing
system which was left open and allows visible access from below.
2) A laminated veneer lumber (LVL) beam in the ceiling framing of the downstairs
conference room was chosen due to its unsupported length, which is the maximum
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among beams in the ceiling framing, and the location within the building. The beam is
located below a graduate student office, thus it is expected to carry office live loads.
3) A LVL beam in the roof framing system above a graduate student office. This roof
beam was chosen because its unsupported length was the longest of any beam in the roof
framing system.
A summary of the dimensions, properties, locations and designations for each of
the beams is shown in Table 4.1.
Table 4.1. Summary of dimensions, locations, and designations of the instrumented
beams

Description

BeamB
Versa Lam 3080 DF
LVL Beam
Rm. 137 Conference
Room
355.6
88.9
4.57

Beam A
20F-V7 DF/DF Glulam
Beam

Location

Lobby Corridor

Depth, h (mm)
Width, b (mm)
Span (m)

209.6
127
3.92

Beam C
Versa Lam 3080 DF
LVL Beam
Rm. 225 Graduate
Office
457.2
133.4
4.65

4.4. Sensors and data acquisition system
4.4.1.

Extrinsic Fabry-Perot interferometric (EFPI) fiber optic strain sensors
The strain sensors used for this project were temperature non-compensated EFPI

fiber optic strain sensors produced by Roctest-Telemac, which had a range of +/- 5000
microstrains (|is). These sensors were composed of a 50/125 micron optical fiber with 3
mm (0.118 in.) polyurethane cladding and ST type connectors.

The sensors were

fabricated with the following dimensions: the length of bare optical fiber from the tip of
the sensor to the beginning of the polyurethane inner cladding was 114 mm (4.5 in.), the
length of the cable with just inner cladding was 50.8 mm (2 in.) from the beginning of the
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inner cladding to the beginning of the outer cladding, the rest of the cable had the full
outer and inner cladding and the overall length of the cable from sensor tip to connector
was 3 m (9.84 ft.). A typical sensor with the dimensions given above is shown in Figure
4.1. The sensors were fabricated with the described dimensions due to concerns with
routing the sensor within the panel and potential stress concentrations at ingress/egress
locations within the layers. By increasing the distance between the sensor tip and the
ingress/egress location, any potential stress concentrations from the ingress/egress point,
which would effect strain measurements, were eliminated.

Figure 4.1. FOS sensor prior to preparation and embedment

The EFPI sensor system is based on the principle of interferometry, which offers a
local sensor with high sensitivity. This sensing technique is based on detecting the
optical phase change induced in the light as it propagates along the optical fiber. A laser
diode at the beginning of the cable transmits light to the sensor. A portion of the light is
reflected at the end of the input fiber, which is independent of the applied perturbation. A
second portion of the light is also partially transmitted across the gap and is reflected
back into the incoming fiber to a photodiode detector by the fiber face at the end of the
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gap between the two fiber ends. This second wave of reflected light depends on the
cavity length which is modulated by the applied perturbation (mechanical strain or
temperature). The two waves of light interfere and cause a change in the intensity of light
which is converted into a cavity length variation [3, 8] A schematic of the EFPI fiber
optic sensor construction is shown in Figure 4.2.
Fused welds

Gage length (Lgage)
"*

^
,,

t

"*,

3Hv

Incoming fiber

7

<*+•

Micro-capillary

/

j

Semi-reflective mirrors

Cavity length (Lcavity)

Figure 4.2. Extrinsic Fabry-Perot interferometric fiber optic sensor

4.4.2. BUS data acquisition system
The BUS system, also manufactured by Roctest-Telemac, is a simultaneous fiberoptic multi-channel signal conditioner. This system was used in conjunction with the
FISO Commander BUS/Veloce Edition software to read, gather and record data from the
fiber optic strain gages.
4.4.3. HOBO micro station data logger and sensors
Combination temperature and relative humidity sensors and a HOBO Micro
Station data logger, all manufactured by the Onset Computer Corporation, were utilized
to measure the ambient conditions at the location of instrumentation. The combination
temperature and relative humidity sensors were connected to the HOBO Micro Station
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with six-wire strand phone cable. A HOBO Micro Station data logger was used to collect
and store data from the HOBO sensors.

4.5. Fabrication of polymer matrix composite laminates with embedded fiber optic
strain sensors
The polymer matrix composite (PMC) laminates with embedded fiber optic strain
sensors were fabricated from an E-glass non-woven fabric set in a vinyl ester resin. The
E-glass non-woven fiber reinforcement had a weight per unit area of 712 g/m (21
oz/yd2). Derakane 8084 vinyl ester resin was used based on familiarity with this resin
and its increased adhesive strength, superior resistance to abrasion and severe mechanical
stress, and greater toughness and elongation [9]. The fabrication of the laminates with
embedded sensors was based on the VARTM process with the Seemann Composites
Resin Infusion Molding Process (SCRIMP) technology. Henceforth in this chapter, the
PMC laminates with embedded FOS sensors will be called "composite strip sensors".
The protection and support that the composite laminate provides to the FOS sensors
during handling, installation, and throughout the lifetime of the sensor is the main
advantage of this approach over conventional surface mounted sensors.

Another

advantage of using composite strip sensors to measure strains in wood beams is that
surface bonded foil resistance strain gages and fiber optic sensors attached directly to the
wood surface, may pick up strain concentrations as a result of irregularities in the wood
structure resulting in skewed data. The FOS sensor within the laminate averages the
longitudinal strain over a small area near the sensor and avoids strain concentrations due
to localized wood defects. The most important feature of this sensor technology is to
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overcome the effect of the natural heterogeneity of structural lumber on strain
measurements.
In order to avoid air leaks into the part and resin flow into the cables, the cables
were sealed by applying clear epoxy (nail polish) to the cable where the inner cladding
starts, and two-part epoxy around the cable at the beginning of the outer cladding. Six
layers of E-glass non-woven fiber reinforcement oriented in 0 degrees with respect to the
longitudinal direction were utilized for this application. The dimensions of the fabric
were 101.6 mm by 406 mm (4 in. by 16 in), with the fibers oriented in the long
dimension. The FOS sensors were routed through the three top layers, trying to avoid
excessive bend radius of the optical fiber. Marks on the fabric layers were made at 50.8
mm (2 in.), 88.9 mm (3.5 in.) and 127 mm (5 in.) from the tip of the sensor. These marks
represented the locations within the fabric layers where the sensor cable traveled through
a layer. The minimum bend radius of fiber optic cable can be taken as 15 fiber diameters.
The fiber diameter was 310 microns and therefore the minimum bend radius was
calculated to be 4.65 mm. Side view and plan view schematics of the fabric lay-up and
embedded sensors are shown in Figure 4.3 and Figure 4.4 respectively.

X-Direction

=F
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>^

1.5 in1

^
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Figure 4.3. Side view schematic of the six layer fabric lay-up with embedded sensor
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Figure 4.4. Plan view schematic of fabric layers with embedded sensor

After the fiber optic cable was aligned to the top face of the third layer of fabric, it
was stitched with regular thread at several places from the tip to the inner cladding to
hold it in place during the infusion. The inner cladding portion of the cable tied in place
is shown in Figure 4.5.
EFPI sensor

Figure 4.5. Tying of fiber optic cable to fabric with thread

The standard procedures of VARTM based on the Seemann Composites Resin
Infusion Molding Process (SCRIMP) technology were followed for setting up the mold
release film, flow medium, peel ply, spiral wrap for resin distribution, resin and vacuum
hoses and vacuum bag. A slit was made in the peel ply, flow medium and vacuum bag
where the fiber optic cables egress the PMC laminate. Tacky tape was applied where the
fiber optic cable exits the vacuum bag. A picture of the panel before infusion is shown in
Figure 4.6.

64

Figure 4.6. Composite panel with embedded FOS sensor before infusion

Approximately 2000 grams of vinyl ester resin was used for the laminate. A 20-40
minutes gel time range was chosen. The cure package was as follows: Trigonox 239a:
2%; 6% Cobalt solution: 0.5%; DMA: 0.2%.
The composite strip sensors were cut utilizing a water saw. The dimensions of the
strips are given in Table 4.2. The composite strip sensors were identified by a letter
corresponding to the beam to which they are attached to (see Table 4.1) and a number,
where 1 indicates the sensor located near the top of the beam and 2 indicates the sensor
located on the bottom face of the beam. For example, the sensor located on the bottom
face of the LVL beam in the meeting room was designated B2.

Table 4.2. Composite strip sensors designation and dimensions

Sensor Panel
Length (mm)
Sensor Panel
Width (mm)

Sensor
Al

Sensor
A2

Sensor
Bl

Sensor
B2

Sensor
CI

Sensor
C2

290.5

303.2

290.5

303.2

239.7

303.2

19.05

50.8

19.05

50.8

19.05

50.8
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The composite strip sensors had holes drilled approximately 6.35 mm (0.25 in)
from both ends of the panel. These holes were drilled to allow for the use of screws
during the attachment process when the epoxy was still curing. One of the composite
strip sensors panel before installation is shown in Figure 4.7.

Figure 4.7. Composite strip sensors with holes drilled at the ends

4.6. FOS composite laminate tension tests
ASTM D 3039 [10] tension tests were conducted on the composite strip sensors to
verify the performance of the sensors. Six composite laminate test specimens without
embedded FOS sensors were cut from the remaining material from which the composite
strip sensors were obtained. The test specimens were cut to lengths identical to those of
the composite panels with widths of 19.05 mm (0.75 in.). These specimens were loaded
in tension until failure. The average failure load was 27.2 kN (6,115 lbs.). Ten percent
of this load was used as the maximum load for the composite strip sensors tension tests to
avoid damaging the laminate and sensor.
The stress-strain curves showed a very similar response for each of the composite
strip sensors. The linear response observed in all the coupons is an indication of a good

66

bond between the sensor and the laminate host material. The elastic moduli of the
composite strip sensors were determined by linear regression analysis. Results are
presented in Table 4.3.
Table 4.3. Modulus of elasticity and COV for the composite strip sensors
Sensor
Longitudinal Modulus
of Elasticity (GPa)

Al

A2

Bl

B2

CI

C2

Mean

COV

22.0

21.8

22.3

22.9

21.6

19.9

21.8

4.6%

4.7. Sensors installation
A baseline value for each composite strip sensors was determined before they
were mounted to the beams. This baseline value was used to determine the total strain
due the installation process. The composite strip sensors were attached after construction
of the building was completed and the occupants had moved into the office expansion.
After the epoxy was cured, new strain readings were obtained. The change in strain
associated with the installation of the sensors to the beams was calculated (see Table 4.4).
These changes may be a result of the cure of the epoxy.
Table 4.4. Strain readings before and after installation of the sensors

Strain Reading Before
Installation (ue)
Strain Reading After
Installation (us)
As, Change in Strains
due to Installation (us)

Sensor
Al

Sensor
A2

Sensor
Bl

Sensor
B2

Sensor
CI

Sensor
C2

15129.3

15172.7

14315-3

15671.5

15244.3

14962.5

15207.4

15228

14412.7

15697.1

15252.7

14985.4

78.1

55.3

97.4

25.6

8.4

22.9

The three selected beams in the building expansion to be monitored were
instrumented with two composite strip sensors and one combination temperature and
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relative humidity sensor, all mounted at or near the midpoint of the beams unsupported
span length. One composite strip sensors was attached to the bottom surface of the beam
and one was attached to the side of the beam at the highest point accessible. The HOBO
combination temperature and relative humidity sensor was attached to the side of the
beam at the midpoint of the depth of the beam near mid-span.
Hydroxymethylated Resorcinol coupling agent (HMR), a primer that when
applied to wood surfaces increases the delamination resistance and shear strength of the
adhesive bond [11], was applied to the sanded areas of the beam where the composite
strip sensors were to be attached. The purpose of the primer was to prevent delamination
between the composite laminate and the glulam beam due to excess moisture or very dry
conditions which would affect the adhesive bond. The HMR primer was applied to the
designated areas of the beams at a rate of 0.0409 g/cm2 (0.000582 lb/in2).
The two-part epoxy adhesive used for the attachment of the composite strip
sensors to the beams was a special formulation produced by Gougeon Brothers, Inc. This
epoxy formulation was chosen based on a previous research [12], in which the bond
between PMC and wood using a variety of epoxies was investigated.

Hong

recommended the use of West System Pro Set Epoxy which is comprised of the XR 01113-53C resin and the XH 01-113-53D hardener. The epoxy was mixed at a ratio of 4.28
parts resin to 1 part hardener.

The epoxy was then applied to the back of the FOS

composite laminate at a spread rate of 0.0344 g/cm2 (0.00049 lb/in2). The composite strip
sensors with epoxy on the backside were attached to the beams at both ends through
screws in the predrilled holes. The epoxy was allowed to cure a couple days. One of the
instrumented beams can be seen in Figure 4.8.
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Figure 4.8. Lobby glulam beam instrumented with sensors

The distance from the centerline of the composite strip sensors to the top of the
beams was measured in the field. This distance is required to compute the curvature of
the beam from the strain diagram formed by the two strain values to be measured during
the monitoring. These distances, dimensions, mechanical and geometric properties and
design values are presented in Table 4.5.
Table 4.5. Dimensions and mechanical properties of the instrumented beams
Beam A
209.6
127

BeamB
355.6
88.9

BeamC
457.2
133.4

20

15

35

3.331*108
13790
T141
20.9 [14]

1.062*109
13790

Allowable bending stress (MPa)

9.737*107
11032
[131
13.8 [13]

20.3 [14]

Allowable bending strain (microstrain)

1251

1516

1472

Depth, h (mm)
Width, b (mm)
Distance from the centerline of the composite
strip sensors to the top of the beam, d (mm)
Moment of Inertia (mm4)
Modulus of Elasticity (MPa)

ri4i

4.8. Monitoring results
Weekly monitoring of the strain sensors was conducted since September 2005 to
July 2007. The strain was recorded for a 30-minute period at a sample rate of one second.
Average values are presented. The temperature and relative humidity were recorded once
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a week from September 2005 to May 2006. From June 2006 to July 2007 they were
continuously recorded every four hours, and then averaged over a one-week period.
Since the FOS sensors were temperature non-compensated, the total change in
strain, Aet, including both mechanical and thermal strains is measured by the strain
sensors. This change is calculated using equation (4-1), where s t is the strain reading at
time t, and s 0 is a baseline strain value. For the structural health monitoring of the
AEWC Center office building the baseline strain value was taken as the strain reading
recorded after installation of the composite strip sensors on the beams. Therefore, the
total strain change does not include strains due to the installation process. Since the
installation of the sensor laminates occurred after the building was completed, only
strains due to in-service conditions and environmental effects were captured with the
FOS sensor.
A£t=Et-e0

(4-1)

Plots of the average strains from the top and bottom sensors as well as average
relative humidity readings for the instrumented beams are presented in Figure 4.9, Figure
4.10 and Figure 4.11.
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Figure 4.9. Strain and relative humidity monitoring data of lobby beam (beam A)
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Figure 4.10. Strain and relative humidity monitoring data of meeting room beam (beam
B)
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-350

Figure 4.11. Strain and relative humidity monitoring data of graduate students office
beam (beam C)

If it is assumed that the longitudinal strain due to mechanical loads is uniform
across the width and varies linearly through the depth of the beam, as in the general beam
theory, then the curvature of the beam can be calculated from the strain readings using
equation (4-2).
(4-2)

The bending moment and axial force due to service loads at the location of the
sensors can be inferred as shown in the following equations:
(4-3)

M = EI4>
N = E8 bottom

M

•bh

'bottom /
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E£

M
top+

(4-4)

A

—
^toPy/

•bh

where b, h, d, E and I are given in Table 4.5.
4.9. Discussion
A cyclic variation of the longitudinal strains in the beams was observed in all the
instrumented beams during the 22-months monitoring. A clear correlation between
changes in relative humidity and changes in strain is noticed. For example, as the
humidity decreases the beams shrink and as the humidity increases during the summer,
the beams expand. In general, the maximum values of strain are between 4 to 8 weeks
delayed with respect to the maximum values of relative humidity. Since the longitudinal
moisture expansion coefficient (Pi) of the E-glass vinyl ester composite strip can be
assumed as zero ([15]), the strain changes are mainly attributed to the shrinkageexpansion of the wooden beams due to the cyclic variation of the relative humidity during
the year. The monitored strain values are relatively low compared to the allowable
values shown in Table 4.5.
The moisture diffusion through the cross section of typical in-service glulam
beams was investigated by Davids et all [16]. By numerically solving the Fick's law of
diffusion, and considering the daily variation of relative humidity and temperature over a
regular year, they concluded that the moisture profile is in general not constant, through
the cross section width. This creates a three-dimensional state of strain, resulting in
cross-sectional warping. Therefore, the point strain measurements at the two sensor
locations can not be used to represent the cross-section deformation.
The lobby beam (Figure 4.9) and the graduate student office beam (Figure 4.11)
presented a similar structural behavior. They experienced negative curvature most of the
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monitored time. This can be explained due to the location of the beams, where no
significant in-service loading due to building occupation was expected. The lobby beam
is part of the floor construction of a second floor hallway in the office expansion, while
the graduate student office beam is located in the roof framing above a graduate student
office. The changes in strain were therefore likely due to the cyclic variations of the
relative humidity in the building. The lower strain values recorded by the top sensor may
be a result of the top of the beam being more restrained than the bottom due to the floor
and roof diaphragms.
For the case of the meeting room beam (Figure 4.10), the curvature during most
of the time was positive while the resultant strains were still negative. The positive
curvature is due to the in-service loading from a graduate office located above the beam,
which was occupied after the installation of the sensors. The bending strains induced by
the service loading were smaller than the compressive strains caused by the
environmental conditions. The first few data points from the bottom strain sensor were
skewed, possibly a result of a dirty connector both on the sensor and the data acquisition
system and this data has been omitted from the curve. Due to a defective HOBO
temperature/relative humidity sensor in the meeting room, the first three weeks of
temperature and relative humidity data were also not collected. The HOBO sensor was
replaced and data was successfully collected from that point on
4.10. Conclusions
A reliable method to fabricate polymer matrix composite laminates with fiber
optic sensors embedded in the mid-plane utilizing VARTM/S CRIMP processing was
developed. The composite laminated strips with an embedded FOS sensor can be easily
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attached to structural members and provides protection during installation and from
potentially harsh conditions encountered in the field.
With the help of the building contractors, a sensor system was setup at the AEWC
Center office building expansion with a central hub. The ability to monitor the three
beams from a central location makes the monitoring process practical. The structural
health monitoring system has potential to be used for larger constructed facilities, such as
a bridge, which require large sensor networks.
The 22-months monitoring results clearly indicated a cyclic variation of the
longitudinal strains in the beams with a period of approximately one year. The change in
strain can be attributed to the shrinkage-expansion of the beams due to the variation of
relative humidity during the year.
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5. FATIGUE CRACK MONITORING OF SECONDARY BONDED VARTM
COMPOSITE DOUBLER PLATE JOINTS USING EMBEDDED FIBER
BRAGG GRATING STRAIN SENSORS
5.1. Abstract
The objective of this research work was to develop a methodology for the
structural health monitoring of composite joints based on strain measurements using
distributed embedded fiber optic strain (FOS) sensors of the Fiber Bragg Grating (FBG)
type. Secondary bonded woven E-glass/vinyl ester composite doubler plate joints were
subjected to fatigue tension loading. The feasibility of monitoring delamination using
embedded sensors was investigated. The fatigue experimental plan, the finite element
modeling of the experiment and the fabrication methodology of the composite joints
through Vacuum Assisted Resin Transfer Molding (VARTM) processing are presented.
Initial quasi-static tension tests showed a good correlation between the longitudinal strain
measurement from the FOS sensors and finite element model predictions. The majority
of the embedded sensors survived the fatigue loading and provided robust strain
measurements. A progressive shift in the strain distribution in the vicinity of the crack
was observed in most of the coupons. The experimental results, as well as the numerical
simulations conducted prior to the experiments, demonstrated that a strain based
methodology can be utilized to detect crack propagation in this type of composite joints.
The proposed methodology allows detecting a one quarter inch delamination length,
which is the criterion adopted by the US Navy for damage tolerance in service
conditions.
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5.2. Introduction
5.2.1. Structural health monitoring of composite joints
In recent years, there has been an increased use of E-glass fiber reinforced
polymer (FRP) composites in ship construction. Some advantages of these materials are
the high strength-to-weight ratio, corrosion resistance, low electromagnetic signature, and
ability to be molded into complex shapes which is more difficult with traditional steel
structures [1]. However, one of the major challenges of using composites in shipbuilding
is the construction of high strength structural joints. It is often necessary to use secondary
bonding to join composite components into complex marine structures, such as in the
construction of joints connecting the ship hull to the bulkheads, decks and superstructure.
These joints are susceptible to localized delamination during the service life.
Conventional non-destructive inspection techniques to detect defects within joints can be
difficult and time-consuming. Continuous detection of delamination using in-situ sensing
systems could significantly reduce down-time and enhance structural safety [2].
Several types of composite connections, either secondarily or primarily bonded,
can be found in ship composite structures, for example, scarf joints, T-joints, corner
joints and hat stiffeners. Doubler plate joints are typically used in composite structures to
locally increase the laminate thickness to accommodate a stress riser such as a hole or
bolted connection. The thickness of the doubler is determined such that the in-plane stress
concentrations are reduced to allowable levels. However, the connection between the
doubler and the base laminate must have sufficient strength to avoid delamination under
service loads. Due to its relative simplicity with respect to other types of connections, the
doubler plate joint has been adopted by the US Navy as a representative joint to
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investigate the mechanical behavior under static and cyclic loading of composite
connections in ship applications. When loaded in tension, the doubler plate joint
component undergoes an interaction of Mode I and Mode II fracture. Numerical tools
such as the Virtual Crack Closure method have been utilized to predict failure of this
joint configuration based on mixed failure criteria [3].

5.2.2. Strain-based damage detection methodology
The concept of a strain-based damage detection methodology is that structural
damage can be detected when the measured strain significantly diverges from the value
expected of a healthy structure at the sensor location. The strain measurements could be
compared with strain predicted in a structural model of the undamaged structure;
however, this method is impractical for complex real-life structures. An alternative
approach is to utilize the strain measurement of the undamaged structure as the base line
for the structural monitoring. Therefore, the damage detection methodology becomes
model-independent. The major limitation of this technique is localized nature of damageinduced strain anomalies. This makes damage detection only possible on a local scale, at
or near the locations of the installed sensors. Thus, the design of the sensor network
requires an estimation of possible damage location before the structure is in service,
which can be obtained from structural models, experimental tests or previous experience
[4]. A potential of this type of damage detection technique would be to implement a
structural health monitoring system for critical regions of the structure where damage can
be anticipated and visual inspection may not be practical.
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As it will be shown in later sections, the experimental findings of this research
proved the feasibility of implementing a strain-based methodology for monitoring of
delamination in composite joints. One of the basic conditions to apply this methodology
is to have the capability to conduct spatially distributed measurements of strain.
The approached proposed in this work has the practical requisite of being modelindependent. It is important to emphasize that the finite element analysis presented in this
work was used only to support the design the fatigue experiment and to develop the
quantitative evaluation criterion for the performance of the fiber optic sensors.
The general procedure for structural monitoring consists of the following steps:
1) Measure strain in the structure under service loading at the beginning of its
service life (when the structure is expected to be healthy).
2) Schedule a monitoring plan.
3) Measure strain under similar loading conditions.
4) Normalize the measured strain to the magnitude of the load applied during the
first evaluation.
5) Compare the strain distributions. Search for significant changes in magnitude or
shape. The presence of large deviations will probably indicate some kind of
structural damage.

5.2.3. Fiber optic strain sensors
Embedded fiber optic strain (FOS) sensors such as Extrinsic Fabry-Perot
Interferometers (EFPI) and the distributed Fiber Bragg Grating (FBG) type have been
incorporated in structural health monitoring (SHM) of composite structures [5].
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Embedded EFPI sensors have been used to monitor axial strain and evaluate
residual bending stiffness in sandwich composite panels subjected to fatigue loading
using the Hydromat Test System. Embedded EFPI sensors have also been used to
perform long-term monitoring of selected structural elements (glulam beams) of the
Advanced Engineered Wood Composites (AEWC) building expansion at the University
of Maine [6].
FBG sensors were utilized to detect crack growth on aircraft panels [7] and on
reinforced concrete beams [8]. Embedded FBG strain sensors have been used in CFRP
composites to detect transverse cracks [9] and debonding in double-lap type coupon
specimen [10]. FBG were used to monitor residual strain [11] and cure process [12, 13].
Recently, FBG have been used to monitor crack growth in composite joints [2, 4, 14].
The fiber optic strain sensors and the reading unit utilized in this work were
provided by Luna Innovations, Inc. The interrogation unit, called Distributed Sensing
System, is a fiber-optic sensing tool for making distributed measurements of temperature
and strain. The Distributed Sensing System uses swept-wavelength interferometry to
simultaneously interrogate multiple FBG sensors integrated within a single optical fiber.
The swept-wavelength interferometry approach enables robust and practical distributed
temperature and strain measurements in standard fiber with millimeter-scale spatial
resolution over tens to hundreds of meters of fiber with strain and temperature resolution
as fine as 1 micro-strain and 0.1 °C [15].
A Fiber Bragg Grating is a periodic permanent perturbation of the refractive index
along a section of an optical fiber, which is formed by exposure of the core to an
interference pattern of intense UV-laser light [16] . This periodic perturbation (gratings)

83

produces successive coherent scattering for a narrow band of the incident light. The
grating acts as a stop-band filter, reflecting light with wavelengths close to the central
wavelength X,B, and transmitting wavelengths sufficiently different from 1% (Figure 5.1).
Any change in the local strain or temperature of the fiber which modifies the grating
period and the refractive index, will change the Bragg wavelength. This wavelength shift
can be linearly related with the strain [5].
The fiber optic consists of a Ge-doped silica core of 5.4 urn diameter surrounded
by a cladding of silica with diameter 127 urn. A polyimide buffer of 14 urn thickness is
applied to the outside of the cable as a protective layer and to improve the interface with
the matrix resin when the sensor is embedded. The discrete FBG are 5 mm in length and
positioned every 10 mm along the length of the fiber. Therefore, for the present work,
each fiber optic cable had the capability of reading strain between 40 to 50 uniformly
distributed locations.
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Figure 5.1. Schematic of a fiber Bragg grating sensor and the wavelength response
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5.2.4. Research objectives
The objectives of the research work presented in this chapter were:
1) Develop a methodology to incorporate fiber optic strain sensors in the fabrication of
doubler plate joints through VARTM processing.
2) Determine the durability and utility of the embedded FBG sensors in doubler plate
joint specimens subjected to cyclic tension loading.
3) Assess the feasibility of monitoring fatigue crack propagation using distributed
embedded FBG sensors. The extension of the crack to be detected by the embedded
sensors is 6.4 mm (V4 inch), which is the standard adopted by the US Navy for damage
tolerance in service conditions.
5.3. Experimental program
Fatigue fracture tests of secondary bonded composite doubler-plate joints were
conducted using the tension test configuration shown in Figure 5.2. Embedded FBG
sensors (Figure 5.3) were used to monitor structural damage. Different locations of the
sensors were investigated. The specific objectives of the fatigue fracture experiments
were to investigate:
1. The durability and utility of the embedded FBG sensors in doubler plate joint
specimens subjected to fatigue tension loading.
2. The change in longitudinal strain distribution due to cyclic loading and its
correlation with macroscopic evaluation of the damage.
3. The optimum location of the sensors in the doubler plate joint for monitoring of
crack propagation.
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Figure 5.2. Fatigue test set-up

Figure 5.3. Fiber Bragg grating strain sensor for integration into composites

5.3.1. Materials and specimens configuration
E-glass woven fabric reinforcement with a nominal weight of 33.9 g/m (24.1
oz/yd2) (Saint-Gobain Vetrotex woven roving 324) and an elastomer-modified epoxy
vinyl ester resin (Ashland Derakane 8084) were the basic constituents of the secondary
bonded composite doubler plate joint specimens. Distributed strain sensors of the FBG
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type were embedded at different locations according to the schematics in Figure 5.4 and
Figure 5.5, and the lay-up detail given in Figure 5.6. The sensors were provided by Luna
Innovations, Inc. from Blacksburg, VA.
Egress side

Crack side

180 mm
4.4 mm

Base plate

Doubler plate

Figure 5.4. Schematic of the doubler plate joint specimens with embedded fiber optic
sensors

14.4 mm

5E
Base
y plate

14.4 mm

50.8 mm (2 in)

Figure 5.5. Cross sectional view of a doubler plate joint specimen with three embedded
fiber optic sensors

The specimens were 50.8 mm (2 in) in width. An artificial delamination of 6.4
mm (lA in) in length was induced in the interface of the base plate and doubler plate by
means of a Teflon insert (Figure 5.7). The specimens were planned to have three
embedded FBG sensor in the following locations (Figure 5.6):
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- In the base plate, four plies below the interface (on top of the 20^th layer, counting from
the bottom up).
- In the base plate, one ply below the interface (on top of the 23rd layer).
- In the doubler plate, four plies above the interface (on top of the 4th layer, counting from
the bottom up). After coming out of the doubler plate, this sensor remains externally
bonded to the top surface of the base plate, as shown in Figure 5.6 and Figure 5.7.
No sensors were placed at the interface between the base and the doubler plate to
avoid potential damage during the fabrication process, particularly the sanding of the
base plate previous to the second infusion, and during the crack propagation.

Initial crack length = 6.4 mm = V* in

Doubler plate sensor
Near surface base plate

~ r sensor
^ ^ Interior base plate
sensor
2A plies, jU/4bMb/U]S!i
Crack side

Figure 5.6. Location of the fiber optic sensors relative to the crack
Extra length of fiber optic cable

Teflon insert at one end of the doubler plate

Crack side

Egress side

Figure 5.7. Doubler plate joint specimens with embedded FBG sensors
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Four doubler plate joint panels were fabricated according to the design described
above. Eight specimens were obtained, some of them with less than three embedded
sensors (See section 5.5.2). A fifth panel with four extra specimens was fabricated after
testing the first eight specimens in fatigue and making some preliminary conclusion
concerning the performance of the sensors. Therefore, the design of these specimens was
slightly different. They had only two embedded sensors in the base plate: two specimens
with sensors as shown in Figure 5.5 but without the doubler plate sensor, and two
specimens with both sensors at the interior base plate sensor location, one centered and
one eccentric with respect to centerline of the specimen, as shown in Figure 5.8.

50.8 mm (2 in)

Figure 5.8. Cross sectional view of a doubler plate joint specimen with two embedded
fiber optic sensors

5.3.2. Experimental procedure
Fatigue fracture tests of secondary bonded composite doubler plate joints were
conducted at a cyclic frequency of 4 Hz, a load ratio R (R = minimum load/maximum
load) of 0.1 and load level corresponding to 50% of the quasi-static failure load. The 4 Hz
load frequency adopted for the sinusoidal cyclic load was selected such that there was no
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temperature change of the specimen. For example, ASTM D6115 [17] recommends a
frequency between 1 and 10 Hz. It was verified that the servo-hydraulic testing
equipment was able to apply the selected load frequency. The load ratio of R=0.1 was
adopted based on values reported in the literature for fatigue tests performed on similar
tapered composite specimens [18]. The load level of 50% of the quasi-static failure load
was selected to develop stable crack propagation. This load level was determined in a
previous research program conducted at the University of Maine where several doubler
plate joints specimens without fiber optic sensors were tested in fatigue tension with
constant load amplitude at an R-ratio of 0.1. Different values of maximum load were tried
in order to find a load level that induced stable crack propagation during the fatigue
loading. The crack was extended from 6.4 mm (% in) to approximately 12.7 mm QA in)
during the fatigue loading, which required between 200,000 and 400,000 load cycles in
most of the specimens. The fatigue load was stopped every 100,000 cycles. Then, the
specimens were loaded following a quasi-static ramp up to 50% of the failure load, while
the sensors were interrogated. The strain distribution along the length of the sensors was
correlated with crack growth. Photographs of the specimens were taken after each step of
the fatigue loading regime in order to estimate the crack length.

5.4. Finite element modeling
A two dimensional finite element (FE) model of the doubler plate joint in tension
(Figure 5.9) was developed to determine the sensitivity of the sensors to changes in
longitudinal strain due to crack growth. The FE model predictions were correlated with
strain measurements before applying cyclic loads to the specimen. The FE analysis was
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conducted using the ANSYS 11.0 code. The model consisted of quadrilateral 4-node
plane stress elements, where each row of finite elements corresponds to one layer of
composite. Delamination was introduced at one end of the doubler plate by leaving a 0.01
mm gap between elements.
The transverse and horizontal displacements at the fixed grip were constrained,
while only the transverse displacement was fixed at the free extreme where the load is
applied. A 30 kN tensile force, which is the same maximum load to be applied in the
quasi-static ramp test during the fatigue experiments, was applied at the left end. Two FE
models were implemented. First, the model of the initial stage, with an artificial crack of
6.4 mm (V* in) in length, was conducted. Second, the propagation stage, where the crack
is extended to 12.7 mm QA in) in length, was modeled. A linear elastic analysis was
conducted, where the degradation of the elastic properties was assumed to be negligible.
In other words, the only damage considered in the analysis was delamination between the
base plate and the doubler plate.
The mechanical properties of the woven E-glass/vinyl ester composite used in the
model were determined from coupon testing [19] and are shown in Table 5.1. Anisotropic
material properties were considered for the 457-45° degrees layers. The required
equations and numerical values of the anisotropic stiffness matrix are given in section
5.9.
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Table 5.1. Material properties used in the finite element model of the doubler plate joint
Ex
Ey

Ez
Gxv
GXz
Gyz
Vxv
Vxz
Vyz

25.46
11.46
22.32
3.64
4.86
3.64
0.400
0.150
0.400

GPa
GPa
GPa
GPa
GPa
GPa

The sensitivity of the strain sensors was defined as the relative change in strain
from the initial to the final stage, as shown in Equation (5-1).

A^c (0/ \ _ gpropagaticn

g

initial ^ QQ

(5-1)

^initial

In order to estimate the numerical sensitivity of each sensor, first the longitudinal
strain from the FE model at the location of the sensors was obtained for both stages. This
strain is not the expected reading of the sensors, because the output of the sensors can be
understood as the average strain over a 5 mm gage length. Then, the moving average of
the strain using a window length of 5 mm was computed for each sensor for both stages.
This averaged strain represents the expected reading of the distributed sensors for all
possible location of the gratings. This approach was adopted because the exact location of
the gratings with respect to the beginning of the crack is not known before the
fabrication. Finally, the sensitivity of the sensors was computed by subtracting the initial
averaged strain from the final averaged strain.
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Crack side

Figure 5.9. Finite element model mesh of the doubler plate joint

The numerical results of strain and sensitivity for the three locations of the
embedded sensors are presented in Figure 5.10, Figure 5.11 and Figure 5.12. The distance
(abscissa axis) is measured from the beginning of the doubler plate taper. In order to
emphasize the significant changes in strain that occur only near the crack, the numerical
results presented in these figures correspond to the first 100 mm after the beginning of
the doubler plate. The layer drop off was modeled as a continuous tapering to represent
the actual behavior of the doubler plate sensor, which after coming out of the doubler
plate remains externally bonded to the top surface of the base plate, as shown in Figure
5.7 and Figure 5.9. It is observed that for the sensors in the base plate the peak of the
strain takes place at the crack tip. For the case of the doubler plate sensor, the FE analysis
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predicted a sudden drop in the strain from a nominally constant value at the top surface of
the base plate to zero over the crack length.
From the FE analysis it was concluded that:
1) A shift in the longitudinal strain distribution with respect to the initial stage and
a peak in the sensitivity curve are expected near the crack as the delamination propagates.
2) The most sensitive sensor is the doubler plate sensor followed by the near
surface base plate sensor. However, these sensors ate also more vulnerable to the high
strain concentration near the crack tip that may affect the strain measurements.
3) Readable variations of strain changes are expected only in the vicinity of the
crack tip. This presents a significant challenge since the sensors must be able to capture
the high strain gradients near the crack in a relatively short distance compared to the gage
length (5 mm).
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FE strain at interior base plate sensor
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Figure 5.10. Strain and sensitivity to crack growth of the interior base plate sensor as
predicted by the FE analysis
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FE strain at near surface base plate sensor
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Figure 5.11. Strain and sensitivity to crack growth of the near surface base plate sensor as
predicted by the FE analysis
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Figure 5.12. Strain and sensitivity to crack growth of the doubler plate sensor as predicted
by the FE analysis
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Figure 5.13. Comparison of sensitivity of the sensors to crack growth

The effect of the stress singularity at the crack tip on the strain at the location of the
sensors was investigated. A sensitivity analysis to mesh refinement was conducted for
this purpose. Two models with refined meshes were constructed. In the first case, the
size of the finite elements was defined as 0.3 mm. In the second case, the mesh was
locally refined near the crack, as shown in Figure 5.14. In both analyses almost the
maximum number of nodes allowed by the current version of the ANSYS code (version
11.0) was reached. It was verified that the strain at the location of the three sensors is not
sensitive to mesh refinement. In the locally refined model the maximum strain was only
0.3% larger than in the original model for the near surface base pate sensor. The
uniformly refined model did not predict detectable strain changes at the location of the
near surface base plate sensor. For the other two locations of the sensors both models did
not present detectable changes in the strain compared to the original model. This proves
that the approach of placing distributed sensors one lamina (0.6 mm) below the crack
resulted in reliable, mesh independent FE predictions of strains.
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Figure 5.14. Local mesh refinement near the crack

5.5. Fabrication of the doubler plate joint panels with embedded fiber optic
sensors

5.5.1. Fabrication procedure
Five doubler-plate joint panels were fabricated through Vacuum Assisted Resin
Transfer Molding (VARTM) process. The dimensions of the panels were 914.4 mm (36
inches) long by 457.2 mm (18 inches) wide. From each panel, between two and four
specimens of approximately 914.4 mm (36 inches) long by 50.8 mm (2 inches) wide were
obtained. The doubler plate was bonded to the base plate in a secondary infusion.
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The fabric lay up for the base plate was [0/+45/-45/0]3sf. Twelve 36"xl8" plies of
fabric were cut with the long side oriented in the warp direction, six fabric with the warp
direction oriented in 45 degrees and six oriented in -45 degrees with respect to the long
side. The plies were placed on the infusion table according to the lay up, and straightened
using a square at three evenly distributed locations. The centerline and edges of the
specimens and the location of the doubler plate were marked. Consistent with Figure 5.5
and Figure 5.6, the interior base plate sensor was placed on the top face of the 21 st layer
from bottom to top, and the near surface base plate sensor was placed on the bottom face
of the 24th layer, which was flipped over the previous layer. The fiber optic cables were
aligned with the fabric oriented in 0 degrees. In the crack side, the tip of the bare fiber
optic cables was placed at approximately 30 mm from the beginning of the doubler plate
taper. A small amount of spray adhesive was applied only to the bare fiber optic cables
and the metal connectors in order to hold them to the fiber glass fabric. The spray
adhesive coated sensors were then applied to the fiber glass fabric in the desired position
and orientation. The metal connector was stitched to the fabric with regular thread in two
points to keep it straight when the vacuum is applied.
In the egress side, the egress points of the fiber optic cables were located between
38 and 102 mm (1.5 - 4 inches) from the edge of the doubler-plate. A little hole was
opened in the fabric to let the metal connector of the fiber optic cable pass the above
fabric plies. The complete metal connector and a small length of the lead were embedded
in the fabric (Figure 5.15), so that the egress point was not right after that joint, which is
the weakest point of the fiber optic cable.
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The standard procedures of VARTM based on the Seemann Composites Resin
Infusion Molding Process (SCRIMP) technology were followed for setting up the flow
media, peel ply, spiral wrap for resin distribution, resin and vacuum hoses and vacuum
bag. In order to avoid risk of breaking the fiber optic cables when de-molding, the flow
media was placed below the fabric stack, between the glass mold and the peel ply. Low
tack vacuum bag sealant tape was applied where the fiber optic cables exits the vacuum
bag (Figure 5.16). Approximately 4500 grams of resin were required for the base plate. A
40-minutes gel time range was used. The resin additive and cure package was as follows:
Styrene Monomer: 5%; 2.4-P: 0.25 %; Trigonox 239a: 2%; Cobalt: 0.3%; DMA: 0.2%.
The panel was cured at room temperature overnight. After de-molding, the panel was
post-cured in oven at 82°C for a period of 8 hours.

Figure 5.15. Base plate with four embedded FBG sensors
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Figure 5.16. Base plate with embedded FBG sensors before infusion

After the panel was post-cured, the top surface was sanded to facilitate adhesion
of the secondary bonded doubler plate. The egress zone of the fiber optic cables was
protected with fabric backed pressure sensitive tape.
The fabric lay up for the doubler plate was the same as in the base plate. The
length of the 24 fabric plies was reduced from 406 mm (16 inches) to 173 mm (6.8
inches), a 10.2 mm (0.4 inches) decrease in length per layer. A Teflon insert was placed
on the crack side at the edge of the doubler plate in order to provide an artificial flaw.
Consistent with Figure 5.5 and Figure 5.6, the doubler plate sensor was placed on the top
face of the 4 th layer from the bottom to top, using the same embedding procedure as in
the base plate sensors. On the egress side, the entire metal connector and a small length of
the fiber optic cable lead were embedded into the fabric (Figure 5.17). The extra length of
bare fiber optic cable was extended beyond the edge of the doubler plate. In this case,
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mechanical protection was provided to the non-embedded part of the sensor after demolding the panel (Figure 5.7).
The standard procedures of VARTM/S CRIMP infusion were followed for setting
up the flow media, peel ply, spiral wrap for resin distribution, resin and vacuum hoses
and vacuum bag. On the egress side of the base plate, a rectangular perimeter of
approximately 356mm (14 inches) by 178 mm (7 inches) was created with vacuum bag
sealant tape, with the purpose of isolating the fiber optic cables leads and connectors
from the resin of the second infusion. The edge of the rectangle adjacent to the doubler
plate was about 38 mm (1.5 inches) away from the doubler plate. Vacuum bag sealant
tape was applied over the cables coming from the doubler plate. After the vacuum bag
was taped to both the exterior and interior vacuum bag sealant tape perimeters, the
vacuum bag inside the perimeter was cut such that the fiber optic cables and connectors
were exposed to the air (Figure 5.18), which facilitated leak detection if necessary.
For the doubler plate, approximately 3,000 grams of resin were required, prepared
using the same additive and curing package as in the base plate. The panel was cured at
room temperature overnight. After de-molding, the panel was cured in oven at 82°C for a
period of 16 hours. Finally, the panel was cut using a wet saw. A picture of a doubler
plate joint panel with six embedded FOS sensors, before cutting the specimens, is shown
in Figure 5.19.
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Figure 5.17. Embedded FBG sensors in the doubler plate before second infusion

Figure 5.18. Doubler plate with embedded FBG sensors before second infusion
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Figure 5.19. Doubler plate joint panel with embedded FBG sensors after second infusion

5.5.2. Fabrication results
Three doubler plate joint practice panels were fabricated with several embedded
fiber optic cables and two dummy Fiber Bragg gratings (FBG) sensors prior to fabricate
the final panels. Different embedding techniques and egress alternatives were
investigated. Possible solution to issues such as excessive bending of the fiber optic
cables at the egress zone and broken cables during de-molding were explored during the
fabrication of these practice panels.
Five doubler plate joint panels with embedded FBG sensors were fabricated for
the fatigue test program. The major difficulty in avoiding damage to the fiber optic cables
was to not break the cables during de-molding. Generally in VARTM infusion, after the
resin is cured, the flow media becomes very stiff and brittle, and is adhered to the
composite panel. For this reason, the process for removing the flow media involves rough
peeling and breaking of the flow media. In the practice doubler plate panels and in the
first two panels for the fatigue test program, the flow media was placed on the top surface
of the panel, as shown in Figure 5.20. This was the common practice in a previous work
conducted at the University of Maine for the US Navy while infusing similar parts. A
small square hole in the flow media was cut around each egress point.
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Figure 5.20. Base plate with embedded FBG sensors and flow medium placed over the
fabric stack

This method worked well in the practice panels and in the first doubler plate panel
for the fatigue program. However, in the base plate of the second doubler plate panel, six
of the eight embedded cables were broken in the process of removing the flow media and
peel ply, and the other two were broken during handling before the specimens were cut
from the panel. It was concluded that the cables did not break only due to the de-molding
process. They were already damaged during the fabrication by the sharp edges resulting
from the slit in the flow medium and peel ply (Figure 5.21), so they easily broke when
the flow medium was peeled off.
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Figure 5,21. Broken fiber optic cables after first infusion due to the sharp edges produced
by the slits in the flow medium and peel ply

Even though the fabrication technique was improved to protect the fiber optic
cables, it is believed that they may be reinforced with an extra outer cladding in order to
make them more suitable for large composite parts fabrication. As explained above, a
successful solution to this issue was to infuse with the flow media on the face of the panel
opposite to the sensor egress point. After this improvement, all the panels were
successfully fabricated without breaking any FBG sensor.
The fifth panel contained embedded sensors only in the base plate as explained in
section 5.3.1. The final product of the fabrication was twelve specimens: four specimens
with three embedded sensors, four with two sensors in the base plate, two with one sensor
in the doubler plate and one in the base plate, and two with one sensor in the doubler
plate. A picture of one specimen after being cut from the panel is shown in Figure 5.7.
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5.5.3. Condition of the embedded FBG sensors after fabrication
A summary of the fabricated specimens for the fatigue program and condition of
the sensors after fabrication is presented in Table 5.2. The average width of the
specimens was also included in the table. The condition of a sensor is defined as "Good"
when the interrogation unit was able to locate the reflection produced by the gratings.
The three embedded FBG sensors in a doubler-plate joint sample are combined in one
network by means of an optical splitter. Figure 5.22 shows a typical time-domain graph
of a reflected test signal through the three embedded FBG sensors, where each reflection
produces a peak. The three dark areas indicated in Figure 5.22 represent the three sets of
gratings in the fiber optic cables. A dot over a peak indicates a functional fiber Bragg
grating sensor. From Table 5.2 it can be noted that out of 26 successfully embedded FBG
sensors, only one was not operational before the fatigue experiments.

Table 5.2. Summary of condition of the embedded FBG sensors after fabrication
Spec.

Width
(mm)

Interior base plate
sensor
Broken during
fabrication
Broken during
fabrication
Broken during
fabrication

1

49.76

2

55.04

3

50.95

4

52.53

Good

5
6
7
8
9
10

53.76
50.30
53.87
52.00
55.16
55.34

11

57.34

12

54.98

Good
Good
Good
Good
Good
Good
Centered: Good
Eccentric: Good
Centered: Good
Eccentric: Good

Near surface base
plate sensor

Doubler plate sensor

No gratings detected

Good
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Broken during
fabrication
Broken during
fabrication
Broken after
fabrication
Good
Good
Good
Good
Good
Good

Good
Good
Good
Good
Not used
Not used

Not used

Not used

Not used

Not used

Good
Good
Good

Three fiber Bragg gratings

0.000B7.54
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90.0

90.5
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Time (ns)

Figure 5.22. Time domain plot from the Optical Backscatter Reflectometer (OBR).
Upper: Network defined by the three FBG sensors and the connecting fiber optic cables.
Lower: Zoom and location of each grating in one of the FBG sensors

5.6.

Initial quasi-static tension tests

5.6.1. Quasi-static tension test to failure of control specimens
Quasi-static tension failure tests were performed on 18 control specimens without
embedded FBG sensors in displacement control at a stroke rate of 0.5 mm/min to
determine the reference load level applied in the fatigue tests. These specimens were
obtained from the same panels as the specimens with embedded FBG sensors. The
failure load was normalized to a 50.8 mm (2 inches) wide specimen in order to account
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for variability of the width of the specimens. The average failure load was 74.5 kN with a
standard deviation of 12.9 kN. The failure mode was always delamination between the
base plate and doubler plate at the location of the Teflon insert. Fifty percent of the
failure load in tension with a load ratio R=0.1 was selected to develop stable crack
propagation. In order to consider the intrinsic variability of delamination strength and
ensure a relatively slow rate of crack extension, a normalized load of 31 kN was chosen
for all the specimens of the fatigue experiment.

5.6.2. Initial quasi-static tension tests of specimens with embedded FBG sensors
Quasi-static tension tests were conducted on all the specimens with embedded
sensors before the fatigue loading. The objectives of these tests were to verify the
performance of the embedded sensors in all the specimens previous to the fatigue
experiments, to validate the FE analysis, and to generate the load-strain and longitudinal
strain distribution curves of the undamaged coupons.
Three specimens were instrumented with two foil strain gages on the sides, at the
level of the interior base plate sensor. The foil strain gages were located at the center of
the specimens. All specimens were tested in quasi-static ramp load from 0 to 30 kN in
displacement control mode.

The load was held every 2 kN in order to allow the

distributed sensing system reading unit to scan the sensors several times at a constant
load. It is important to clarify that the sampling frequency of the reading unit was limited
to 1/12 Hz.
From the FE analysis it was observed that the longitudinal strain becomes
constant along the length of the specimens after approximately 80 mm from the
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beginning of the doubler plate. For each sensor the strain readings in a 100 mm length at
the center of the specimens (Figure 5.23) were averaged and then plotted versus the load.
The strain measurements from the foil strain gages when available and the numerical
strain from the finite element model were also included in the graphs. A correction factor
that takes into account the actual width of the specimen was applied to the numerical
strain.
^

115 mm
^

, 100 mm ,
^
o

180 mm

762 mm

Figure 5.23. Distance at the center of the specimen where the longitudinal strain was
averaged

The average strain from the foil strain gages, the interior base plate sensor and the
FE model for one of the specimens are compared in Figure 5.24a. In Figure 5.24b and
Figure 5.24c the strain from the near surface base plate sensor and doubler plate sensor
for the same specimen are compared with the FE predictions.

These results are

representative of all the specimens. The black line is a linear fit to the FBG sensors'
readings. The slope of the experimental and numerical load-strain curves was determined
for each FBG sensor in all the specimens. This slope provides a measure of the global
stiffness of the undamaged specimens. Results are presented in Table 5 3. The average
deviation between the FE analysis and the experimental results was -14.0% for the
interior base plate sensor, -12.2% for the near surface base plate sensor, and 0.0% for the
doubler plate sensor. Good correlation between the FE model and experimental response
was observed for the three locations of the FBG sensors, with a clear linear behavior of
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the experimental strain. In general, the strains predicted by the FE model were slightly
higher than experimental values for the case of the sensors embedded in the base plate.
—

Foil strain gage
FE model
FBG sensors
Linear fit FBG sensors

20
•
—
15

S 10

200
30
25

•

400
Microstrain

FE model
FBG sensors
Linear fit FBG sensors

300

600

S

r

S

-.. 20

-z.
-a 15
o

-

_l

10
5

^ r

(b)

n
200
30
25

400
600
Microstrain

300

1000

• FE model
FBG sensors
• Linear fit FBG sensors

— 20
-a 15
O

10

200

400
600
Microstrain

800

Figure 5.24. Experimental and numerical load-strain response at the center of the
specimens during quasi-static ramp load (typical specimen): (a) Interior base plate sensor;
(b) Near surface base plate sensor; (c) Doubler plate sensor
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Table 5.3. Comparison of experimental and FE prediction of force versus strain
relationship for the doubler plate joint specimens prior to cyclic loading

Speci
-men
1
2
3
4
5
6
7
8
9
10
11
11
12
12

Interior base plate sensor
slope (kN/microstrain)

Near surface base plate sensor
slope (kN/microstrain)

Doubler plate sensor slope
(kN/microstrain)

Experimental

FE
Prediction

Error
%

Experimental

FE
Prediction

Error
%

Experimental

FE
Prediction

Error
%

-

-

-

0.02814
0.02872
0.02736
0.02924
0.02800
0.03143
0.02986
0.03152
0.03215
0.03032
0.03090

0.02470
0.02528
0.02365
0.02528
0.02514
0.02593
0.02602
0.02696
0.02696
0.02585
0.02585

-12.2
-12.0
-13.6
-13.6
-10.2
-17.5
-12.9
-14.5
-16.1
-14.7
-16.4

-

-

-

0.03047
0.03224
0.03417
0.03293
0.03382
0.03595

0.02923
0.02735
0.02923
0.02908
0.02999
0.03009

-4.1
-15.2
-14.4
-11.7

0.03723
0.03991
0.03776
0.03853
0.03915
0.03646
0.04136
0.03776

0.03665
0.04054
0.03753
0.03870
0.03960
0.03705
0.03960
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The longitudinal strain distribution along the length of the embedded sensors was
compared with the strains calculated in the FE analysis. Typical results are presented in
Figure 5.25. The origin of the x-axis corresponds to the beginning of the doubler plate.
The experimental measurements are discrete data points spaced at 10 mm. The plots are
the average of seven scans taken when the load was held at 30 kN. This strain distribution
can be understood as a photo of the longitudinal strain field at the location of each sensor
for a specific load. As can be seen from Figure 5.25, the experimental strains were within
the range of strain predicted by the FE model. The embedded FBG sensors were able to
pick up the strain gradient at the layer drop-off. The lack of smoothness of the
experimental strain is caused by the heavy tow fabric which induced local strain
gradients. At a macroscopic scale, these effects are rounded and therefore the FE model
correlates better with the average experimental strain.
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The load versus strain curve for each FBG in all the sensors was also obtained.
Most of the gratings showed a linear load-strain behavior and provided consistent strain
measurements, with negligible noise or random error. Inconsistent strain measurements
were deleted before post-processing the experimental data.
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Figure 5.25. Longitudinal strain distribution from FBG sensors and FE analysis at 30 kN
tension load (typical specimen): (a) Interior base plate sensor; (b) Near surface base plate
sensor; (c) Doubler plate sensor
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5.7. Fatigue crack monitoring using embedded fiber Bragg grating sensors
Twelve doubler-plate joint specimens with embedded FBG sensors were
subjected to fatigue loading. Typical results of the structural monitoring during the
fatigue experiments are presented in the following sub-sections.

5.7.1. Visual evaluation of crack propagation
Photographs were taken after each step of the fatigue loading regime. Pictures of
one of the specimens are shown in Figure 5.26. The top dashed line indicates the end of
the Teflon insert which is the beginning of the crack. The bottom line shows the target of
6.4 mm (V4 inch) crack extension. The delamination between the base plate and the
doubler plate corresponds to the discolored area. These images were utilized to estimate
the average crack length. The contrast was adjusted and the photos were converted to
binary images using the software ImageJ, so the delaminated area could be computed. It
can be noted that the crack propagation was stable. The crack was generally extended
beyond the target of 6.4 mm.
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Figure 5.26. Photos of the crack extension during the fatigue loading

5.7.2. Monitoring of longitudinal strain
The strain distribution for a load of 30 kN, similar to the graphs presented in
Figure 5.25, was obtained for each step of the fatigue loading regime and plotted in the
same graph in order to visualize the changes in the strain distribution as the crack
propagates. The experimental sensitivity of the strain sensors due to crack extension was
determined for every sensor. The strain changes are presented as the relative change with
respect to the undamaged coupon (0 cycles). Results for one representative specimen are
presented in Figure 5.27, Figure 5.28 and Figure 5.29.
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For the sensors in the base plate, a progressive shift in the strain distribution and a
peak in the strain change graphs were observed near the crack as the delamination
propagated. This type of behavior was predicted in the FE analysis, and it is a clear
indication of crack propagation. The strain curves in general did not rise perfectly parallel
as predicted. A similar response was obtained for most of the specimens.
On the other hand, the results for the sensors in the doubler plate were less
repeatable. Large strain gradients and a peak in the sensitivity curve were observed near
the crack in all the specimens. However, the strain changes in the doubler plate sensors
were not as progressive and consistent as compared to the sensors in the base plate. Some
of the specimens presented a high positive change in strain before the doubler plate taper,
which was not predicted by the FE analysis. Furthermore, it was relatively difficult to
identify a shift in the strain distribution in the doubler plate sensors. It should be noted
that the doubler plate sensors remained bonded to the surface of the taper and the base
plate over this zone as a result of the secondary infusion. Therefore, factors such as
quality of the bonding and layer drop-off effects may have affected the strain
measurements.
From the strain monitoring results for the three thickness locations of the sensors,
it was verified that the strains at locations more than 30 mm away from the edge of the
doubler plate were unaffected by the crack propagation. Therefore, there was no apparent
degradation in elastic properties in the doubler plate joint specimens, which is consistent
with the modeling assumptions.
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Figure 5.27. Strain monitoring for the interior base plate sensor: (a) Longitudinal strain
distribution; (b) Change in strain with the number of cycles
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Figure 5.28. Strain monitoring for the near surface base plate sensor: (a) Longitudinal
strain distribution; (b) Change in strain with the number of cycles
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Figure 5.29. Strain monitoring for the near doubler plate sensor: (a) Longitudinal strain
distribution; (b) Change in strain with the number of cycles

5.7.3. Correlation between strain shift and crack length
According to the FE analysis, the shift of the strain distribution with respect to the
undamaged condition (0 cycles) should be proportional to the crack length. A numerical
procedure to estimate the mean value of the shift ( S ) for each step of the fatigue loading
was implemented, as illustrated in Figure 5.30. The strain measured every 10 mm was
linearly interpolated with a step of 0.1 mm in order to be able compute the area between
the user-defined strain limits. The experimental correlation between the strain shift and
crack length for one representative specimen is presented in Figure 5.31. The straight
lines are linear fit to the experimental data points, setting the intercept to zero.
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The average coefficient of correlation R2 for the interior base plate and near
surface base plate sensors was 0.70 and 0.61 respectively, which is a fair result
considering the several factors that can affect the strain measurements. It was concluded
that the actual crack length in general cannot be accurately estimated from the
experimental strain shift because the slope of the crack length vs. strain shift line showed
great variation among sensors.

Figure 5.30. Calculation of strain shift for
the sensors in the base plate

Figure 5.31. Experimental correlation
between strain shift and crack length

5.7.4. Quantitative approach for monitoring of crack extension
The procedure described in the preceding section provides a qualitative method to
evaluate the ability of the sensors to detect crack propagation. However, a numerical
index that indicates whether the crack is growing or not is desirable in order to validate
the strain-based technique developed in this research. A binary test is proposed such that
if the strain shift between consecutive interrogations is greater than a given tolerance, this
implies that the crack has extended. This method is applicable only to the sensors located
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in the base plate. The tolerance was determined from the noise level of the distributed
sensing system measurement.
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Figure 5.32. Scatter in the longitudinal strain distribution due to signal noise

The plot on the left side in Figure 5.32 corresponds to one typical sensor
interrogation during the fatigue tests. The load was held at the final load level (30 kN)
during approximately 70 seconds in order to allow the distributed sensing system unit to
scan the sensors 6 to 7 times. Some scatter of the strain distribution curves due to signal
noise was typically observed (Figure 5.32 right). This scatter Ax was measured at several
points of the curve where the strain shift was determined. The required tolerance was
defined as half of this scatter. This analysis was conducted for all the base plate sensors
interrogated. Then, the cumulative probability curve of the tolerance was determined (see
Figure 5.33), which corresponds to nearly 600 measurements of scatter. The mean value
and standard deviation of the tolerance are indicated. It was determined that a tolerance
of 1.20 mm ensures with an 80% of confidence that the strain shift is not due to signal
noise.
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Figure 5.33. Cumulative probability of the scatter of the longitudinal strain distribution

A summary of the effectiveness of the base plate sensors to detect crack extension
is given in Table 5.4, where the effectiveness is defined as the ratio between the number
of times the strain shift is greater than the tolerance and the number of interrogations. The
crack always extended more than 1.5 mm between consecutive interrogations.

The

condition of the sensors before and after the fatigue loading is also presented. N.A. is
shown for the doubler plate sensors because this criterion only applies for the sensors in
the base plate. It is observed that opposite to the expected results from the FE analysis,
the optimum location of the sensors for detection of crack extension is the interior base
plate sensor. The near surface base plate sensor, even though is more sensitive to strain
changes due to crack growth, is also more vulnerable to high strain concentrations near
the crack and therefore the strain shift can also be affected by the relative location of the
gratings with respect to the crack tip.
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Table 5.4. Summary of embedded FBG sensors survivability and effectiveness for
detecting crack extension
Sensor location

Interior base
plate

Near surface
base plate

Doubler plate

11

6

8

10

6

8

35

21

N.A.

24

11

N.A.

69%

52%

N.A.

Number of functional sensors after
doubler plate joint fabrication
Number of sensors that survived the
fatigue load cycles
Number of interrogations
Number of times with strain shift
greater than 1.2 mm
Effectiveness of detecting crack
extension

5.7.5. Capability of the embedded sensors to detect 6.4 mm (!4 in) crack extension
A criterion to detect a 6.4 mm (!4 inch) crack extension is proposed using the
experimental change in strain graphs. After observing these graphs for all the specimens
tested in fatigue loading and comparing with the sensitivity predicted by the FE analysis,
a limit for the strain change (As) was defined for each sensor location. For the interior
base plate sensor the defined limit was 20%), slightly greater than the strain changes
predicted by the FE analysis. For the near surface base plate sensor the selected limit was
35%, slightly lesser than the strain changes predicted by the FE analysis. Finally, for the
doubler plate sensor, the defined limit was -40%, which is relatively much lesser in
magnitude compared to the strain changes predicted by the FE analysis. Then, the
number of times As was greater than this limit at any location of the sensors (or lesser in
the case of the doubler plate sensor) was counted for all the specimens and interrogated
sensors during the fatigue tests. The number of times such change corresponded to a
crack length equal or greater than 6.4 mm was also obtained. The ratio between these two
values defines the effectiveness of the sensors for detecting a 6.4 mm (V4 in) or greater
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crack extension. Results are presented in Table 5.5. For example, out of 29 times the
interior base plate sensor presented a change in strain larger than 20%, in 16 occasions
this change corresponded to a crack length equal or greater than 6.4 mm and was located
near the crack. The rest of the times such change either corresponded to a crack extension
lesser than 6.4 mm or was located far away from the crack. Occasionally, a 6.4 mm crack
was missed; that is, As was lesser than the defined limit and the crack length was greater
than 6.4 mm.
It can be noted from the right column in Table 5.5 that the probability of missing
a crack if the strain change exceeds the defined limit is extremely low, which is a positive
result for a delamination detection method. However, there is a relatively high probability
(approximately 40% for the sensors in the base plate) that strain changes exceeding the
limit do not correspond to a 6.4 mm crack extension, which in field monitoring would
cause a false alarm. It is interesting to note that the doubler plate sensor has the best
effectiveness to detect a 6.4 mm crack extension.
Table 5.5. Effectiveness for detecting crack extension
Sensor
location
Interior
base plate
Near
surface
base plate
Doubler
plate

Limit
for Ae

Number of
times
AE > limit

Number of times AE
> limit and crack >
6.4mm

Effectiveness

Number of times a
crack was missed

20%

29

16

55%

2

35%

21

11

52%

3

-40%

25

20

80%

0

5.8. Conclusions
A reliable technique to fabricate secondary bonded composite doubler plate joints
with embedded fiber optic sensors through VARTM processing was developed. Twelve
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specimens with embedded sensors in three different locations were subjected to fatigue
loading in tension with a stress ratio which induced stable crack propagation. Initial
quasi-static tension tests were conducted to validate the finite element model and obtain
the strain distribution for the undamaged specimens. The durability and utility of the
embedded sensors throughout the fatigue loading was verified.
A methodology for damage monitoring of composite joints based on strain
measurements using embedded Fiber Bragg Grating sensors was presented.

Both

numerical and experimental studies demonstrated that the presence of a delamination
modified the local strain distribution, and that the damage-induced strain anomalies can
be detected using embedded distributed fiber optic strain sensors.
It was verified that the three locations of the sensors were capable of detecting the
changes in strain due to crack extension during the fatigue loading. From the
experimental results it was concluded that the optimum location for detecting crack
growth is the interior base plate sensor, which is close enough to capture the strain
changes due to crack growth but at the same time is not affected by the severe strain
gradients near the crack tip. The doubler plate sensor was the most effective to detect a
6.4 mm crack extension. The numerical limits of the criteria for detection of crack
extension proposed in this work are valid only for the particular conditions of the
conducted experiments, that is, joint configuration, geometry and architecture of the
embedded sensors. However, the concepts involved in the definition of those criteria can
be utilized to define numerical limits for different joint configurations and dimensions. In
general, it suggested conducting numerical and experimental studies similar to the ones
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described in this research work to define numerical criteria and limits for damage
detection in other composite joints configurations.
The experimental results presented in this chapter are quite promising yet
improvable. The effectiveness of the sensors to detect relatively small crack extension in
composite joints could be improved by using denser FBG sensors with shorter gage
length. The noise level of the signal is another factor that, if reduced, would increase the
reliability of the monitoring technique.
5.9. Appendix. Anisotropic elastic properties of layers oriented at ±45°.
The stress-strain relations for an orthotropic material can be expressed as follows
[20]:
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(A2)
where S is the compliance matrix.
The stiffness matrix C can be obtained by direct inversion of the compliance
matrix as:
(A3)

C = S-1
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where
(A4)

The stress and strain components in the principal material system are related to
those refereed to an arbitrary coordinate system (x, y, z) by the following transformation
relations:
(A5)

and

The transformation matrix is given by:
(A6)

[T,,]=

where mi, rii and pi are the direction cosines of axis i:
(A7)
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The stiffness matrix in the coordinate system (x, y, z) is obtained using the
following transformation:
(A8)
(A9)

where
(A10)

R=

For the doubler plate specimen under analysis, the orientation of the ±45° layers
with respect to the global coordinate system is shown in the Figure Al. The
corresponding angles are: 0xi=9; 9x2=-(90-e); 6x3=90; 9yi=-90; 0y2=-9O; 9y3=0; ezi=90+6;
9^=9; 9z3=270;
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Figure 5.34. Orientation of material coordinates with respect to global coordinates of
±45° layers

The numerical values of the coefficients of the stiffness matrix for the ±45° layers
in N-mm units are:

Cxyz (457-45°)=
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6.

CONCLUSION AND FUTURE RESEARCH WORK

6.1. General conclusions

1) The application of the first-order shear deformation theory (FSDT) in the elastic
analysis of sandwich plates with low shear modulus core was investigated. Three choices
of shear correction factor (k) were considered: based on shear strain energy equivalence,
parabolic transverse shear stress distribution, and k for isotropic plates. Equations were
derived to compute the shear correction factor based on the principle of strain energy
equivalence for composites and sandwich plates made of orthotropic layers or balanced
laminates. A simplified model for sandwich plates was also evaluated. The FSDT was
compared to a solid finite element model which approximates the three-dimensional
elasticity solution. A good correlation was found among the strain energy method, the
simplified model for sandwich plates and the finite element analysis in the prediction of
deflection, strain and first natural frequency. This outcome is significant for practical
structural applications since the FSDT is incorporated in most of the commercial finite
element analysis software packages.
2) The Standard Test Method for Two-Dimensional Flexural Properties of Simply
Supported Sandwich Composite Plates Subjected to a Distributed Load ASTM D 6416
was utilized to characterize the elastic behavior of sandwich composite plates. Two
models based on the first-order shear deformation theory (FSDT) for laminated plates
were correlated with experimental deflection. The good correlation between the
analytical and experimental deflection provides an experimental validation to the model.
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The general FSDT model combined with the shear correction factors based on the
principle of strain energy equivalence allows extending the applicability of the ASTM D
6416 to more general sandwich composite plates, where the assumptions for a simplified
model for sandwich plates are not longer valid.
3) A long-term monitoring of wood structural members of the AEWC Center new office
building expansion was conducted. Extrinsic Fabry-Perot Interferometric (EFPI) fiber
optic sensors were embedded in a polymer matrix composite (PMC) laminate and then
attached to selected beams. Temperature and relative humidity sensors were included as
well. A one-year cyclic variation of the longitudinal strain in the beams was observed,
which is attributed to the variation of relative humidity during the year.
4) A methodology for damage monitoring of composite joints based on strain
measurements using embedded Fiber Bragg Grating sensors was presented.

Both

numerical and experimental studies demonstrated that the presence of a delamination
modified the local strain distribution, and that the damage-induced strain anomalies can
be detected using embedded distributed fiber optic strain sensors. Secondary bonded
woven E-glass/vinyl ester composite doubler plate joints with embedded were fabricated
and subjected to fatigue tension loading. Initial quasi-static tension tests showed a good
correlation between the longitudinal strain measurement from the FOS sensors and finite
element model predictions. The proposed method allows detecting a one quarter inch
delamination length, which is the criterion adopted by the US Navy for damage tolerance
in service conditions.
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6.2. Future Research Work

1) The shear strain energy equivalence principle may be extended to determine
expressions to estimate the transverse shear correction factors and equivalent orthotropic
properties of sandwich composite plates with other core configurations (for example
honeycomb or corrugated cores). A similar finite element modeling approach presented
in Chapter 2 can be utilized for validation.
2) The combined numerical and experimental method proposed in Chapter 3 can be
utilized to characterize the elastic behavior of sandwich composite plates with nonsymmetric lay-up. The results of this study would experimentally validate the method to
compute the shear correction factor based on strain energy principle.
3) The approach proposed on Chapter 4 for structural health monitoring with embedded
fiber optic strain sensors in a fiber reinforced polymer strip may be improved using
distributed fiber Bragg grating sensors. This type of sensors is more robust for composite
applications. Laboratory tests are suggested before implementing this monitoring
technique in the field to verify the correct strain transfer from the host member to the
fiber optic sensors.
4) The effectiveness of detecting small crack extension can be improved using fiber optic
sensors with shorter gage length and more distributed sensors, and reducing the noise
level of the interrogation system. Similar fatigue crack monitoring experiments with
upgraded sensing technology and different loading conditions could be conducted. A
demonstration of measurement during low frequency fatigue loading (representative of
typical wave impact frequency) and associated real time measurement / crack monitoring
is proposed.

Different composite joints configuration may be investigated. The
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monitoring method proposed in Chapter 5 has a great potential in applications where the
sensors can only be embedded in a composite part to be attached to an existing structure,
such as structural repairs.
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